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FOREWORD

The work described herein is being performed by the General Electric Com-
pany under the sponsorship of the National Aeronautics and Space Administration

under Contract NAS 3-2534. Its purpose_ as outlined in the contract_ is to

evaluate materials suitable for potassium lubricated journal bearing and shaft

combinations for use in space system turbogenerators and_ ut_imately_ to recom-

mend those materials most appropriate for such employment.

R. G. Frank_ Manager_ Physical Metallurgy_ Materials and Processes_ is

administering the program for the General Electric Company. L. B. Engel_ Jr._

D. N. Mlketta_ T. F. Lyon_ W. H. Hendrixson and B. L. Moor are directing the
program investigations. The design for the friction and wear testers was

executed by H. H. Ernst and B. L. Moor.

R. L. Davies of the National Aeronautics and Space Administration is the

Technical Manager far this study.
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I. INTRODUCTION

The program reviewed in this eighth quarterly report_ covering activities

from January 22_ 1965 to April 22_ 196% is performed under the sponsorship of

the National Aeronautics and Space Administration. Its purpose is to evaluate

materials suitable for potassium lubricated journal bearing and shaft applica-

tions in space system turbogenerators operating over a 400 ° to 1600°F tempera-

ture range. The critical role of bearings in such systems demands the maximum

reliability attainable within today's state-of-the-art. Achieving this relia-

bility requires an interdisciplinary approach employihg the best mechanical de-

signs of journal bearings combined with the selection of the optimum materials

to serve as the structural members. Satisfying this latter requirement consti _

tutes the aim of this program.

A number of investigators have conducted studies in this field and their

contributions have advanced the state-of-the-art considerably (Section VIII_
Ref. 1). Although their work is significant_ there are no common criteria for

a comparison of the existing data. Therefore_ establishing a unified approach
to the development and evaluation of materials for potassium lubricated bearing

application is deemed essential. The program involves a comprehensive investiga-

tion of material properties adjudged requisite to reliable journal bearing opera-

tion in the proposed environment. This includes: 1) corrosion testing of in-

dividual materials and potential bearing couples in potassium liquid and vapor_

2) determination of hot hardness_ hot compressive strength_ modulus of elasticity_

thermal expansion and dimensional stability characteristics, 3) wetting tests

by potassium and 4) friction and wear measurements of selected bearing couples

in high vacuum and in liquid potassium.

In cooperation with the cognizant NASA Technical Manager_ 14 candidate

materials were selected (Table I) from a compilation of existing data on avail-

able materials. The materials reviewed fall into four broad categories:

Superalloys and refractory alloys with and
without surface treatment

• Commerical metal bonded carbides

Refractory compounds such as stable

oxides_ carbides_ borides and nitrides

Cermets based on the refractory metals

and stable carbides

Each material is procured from appropriate suppliers to mutually accept-

able specifications and subsequently is subjected to chemical_ physical and

metallurgical analyses to document its characteristics before utilization in

the program. After the documentation of processes and properties_ the candi-

date materials undergo corrosion_ dimensional stability_ thermal expansion,

-1-



TABLE I. CANDiDA_ BEARIN,_ MATERIALS

Ae

Material Class

Nonrefractory Metals and Alloys

Candidate Material

Star J (17%W-327_r-2.5,_Ni-3%Fe-

2.5_-Bal. Co)

B. Refractory Metals and Alloys Mo-TZM (0.5%Ti-0.08%Zr-Bal. Mo)

Tungsten

C. Fe-Ni-Co Bonded Carbides Carbo]oy 907 (74%WC-20%TaC-6_o)

Carbc Iv, y 999 (97%WC-3f_o)

K601 (84.5%W-lO_Ta-5.5_)

D. Carbides TiC (94%)

E. Oxides

F. Bordies

G. Refractory Metal Bonded Carbides

Lucalox (99.8% AI203)

Zircca 1027 (95.5% ZrO 2)

TiB 2 (98_)

TiC+5%W

TiC+10_o

TiC+10_b

Crade '7178
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compression and hot hardness testing. Considering the bearing material require-

ments and the information obtained on the candidate bearing materials which were

subject to both potassium and non-potassium testing_ seven materials combinations

were selected in cooperation with the NASA Technical Manager. Potassium corro-

sion and wetting tests and friction and wear measurements in high vacuum and

liquid potassium will proceed with these combinations.

The ultimate product of this program will be a recommendation_ substantiated

with complete documentation_ of the material or materials which have the greatest

potential for use in alkali metal journal bearings in high speed_ high tempera-

ture_ rotating machinery for space applications. Hopefully_ the results will

indicate the future course of alloy or material development specifically designed

for alkali metal lubricated journal bearing and shaft combinations.

-3-



m

I I. SUMMARY

During the eighth quarter of this program_ the topics abstracted below

were covered and the results are interpretively presented in this report.

A review of the available data from the corrosion, dimensional stability,
thermal expansion and hot hardness test programs were made for the purpose of

selecting material combinations for friction and wear testing in high vacuum

and in liquid potassium. Seven material combinations were selected for testing

in high vacuum and three material combinations were selected for testing in
liquid potassium. The combinations are:

Rider Disc

*1. Mo-TZM Grade 7178

2. Grade 7178 Mo-TZM

*3. Grade 7178 Grade 7178

4. Mo-TZM Carboloy 907

5. Carboloy 907 Carboloy 907

6. Mo-TZM TiC+10_b

*7. TiC+lO_b TiC+lOT_b

Those combinations marked with an (*) are to be tested in both high vacuum

and liquid potassium. All the friction and wear test specimens for Mo-TZM alloy
and Carboloy 907 have been received.

Evaluation of the corrosion test specimens that were exposed to potassium

for 1_000 hours at 1600°F essentially is completed. Preparation of metallographic

specimens, x-ray diffraction patterns and chemical analyses for carbon, oxygen,
nitrogen and hydrogen have been completed and the results are being analyzed.

Chemical analyses of the inner 0.020 inch layer of the Cb-lZr alloy capsule wall

which also was exposed to potassium for 1,000 hours at 1600°F showed that a
considerable amount of carbon had transferred from the Star J and the WC contain-

ing cermet specimens (except K601) to the capsule wall. The lack of transfer of

carbon from the K601 material is attributed to its processing history. From

weight change data, significantly less carbon was transferred during the 1,000-

hour exposure at 1200°F. All the corrosion capsules that were tested for 1,000
hours at 800 ° and 1200°F have been opened and evaluation of the test specimens
has been initiated.

A second series of hot hardness tests from room temperature to 1600°F were

completed under vacuum (10 -5 to 10 -6 torr) for all the 14 candidate bearing mate-

rials. Considerably less scatter was observed in the test data in this test

series which incorporated a 150-gram load as compared to the previous test series

in which a 100-gram load was used. Room temperature compression tests were

conducted on duplicate test specimens of 13 candidate materials. Compressive

strength values ranged from 103 ksi (0.2% yield strength) for Mo-TZM alloy to

-5-
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over 600 ksi (fracture strength) for WC containing materials. The fracture

strength of Lucalox, TiB2, TiC and refractory metal bonded TiC materials varied
between 304 and 424 ksi.

Checkout tests for the high vacuum friction and wear tester were continued.

Procedures for taring out the loading arm were established, the temperature dis-

tribution achieved from the bakeout heaters was determined and the vacuum cap-

ability of the system was established. An ultimate vacuum of 4.5 x 10 -10 torr

was reached with the system cold. The liquid potassium friction and wear tester

was received from the vendor and installation of the supporting facilities is

nearing completion. Three Cb-lZr alloy sheathed_ BN insulated potassium immer-

sion heating elements of the type intended for use in the liquid potassium fric-
tion tester were received and tested in vacuum for 123 hours at surface temper-

aturesof 1600°-1680°F.

All components for the potassium wetting facility were received and final

assembly is nearing completion.

-6-



III. MATERIALS PROCUREMENT

A. Compression Test Specimens

Ten compression specimens of arc cast and extruded unalloyed tungsten were

received March 3_ 1965. With the exception of the K601 compression specimens_

the receipt of the tungsten compression specimens marks the completion of the

procurement of all the test specimens ordered for the first series of test pro-

grams (corrosion_ dimensional stability_ thermal expansion_ hot hardness and

compression). A total of 628 specimens have been received. Continued problems

in the finish grinding operation have prevented the delivery of the K601 com-

pression specimens.

B. Selection and Procurement of Candidate Journal Bearing Material Combinations

A review of the data available from the test programs was made early in

the reporting period for the purpose of selecting material combinations for

further evaluation. Material combinations selected will be subject to iso-

thermal corrosion testing in potassium and friction and wear testing in high

vacuum and liquid potassium. Also_ the temperature at which the selected mate-

rials are wetted by potassium will be determined. The test data reviewed in-

cluded:

1. Visual2_ dimensional2_ weight 2 and microstructural changes

of specimens exposed to potassium liquid and vapor for 1_000

hours at 1600°F.

2. Spectrographic analyses of the potassium after the 1600°F test

exposure 2.

3. Chemical analyses of the inner surface of Cb-lZr alloy capsule

wall for oxygen_ nitrogen_ hydrogen and carbon (see page 80 of

this report).

4. Dimensional and weight changes of specimens exposed to vacuum

for i_000 hours at 800°2_ 1200 °3 and 1600°F 3.

5. Mean coefficients of thermal expansion between room temperature

and 1600°F2_ 3.

6. Hot hardness between room temperature and 1600°F 2.

In addition to the review of the test data obtained under this program_

the remaining criteria that were considered in the selection of the 14 candi-

date materials also were applied in the selection of possible bearing material

combinations. These criteria were discussed in detail in Quarterly Progress

Report No. 11 and are listed on the following page:
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1. Alloying tendency

2. Resistance to corrosion by potassium/formation of protective

films in potassium

3. Stability in Cb/K system

4. Dimensional stability

5. Strength

6. Hardness

7. Conformability or ability to "wear-in"

8. Thermal expansion match

9. Thermal conductivity

10. Producibility/low porosity/surface finish

11. Resistance to thermal and mechanical shock

Based on the above considerations_ the following candidate journal bearing

material combinations were selected and were approved by the NASA Technical Man-

ager for friction and wear testing in high vacuum:

Disc Rider

*l. Grade 7178 Mo-TZM

2. Mo-TZM Grade 7178

*3. Grade 7178 Grade 7178

4. Carboloy 907 Mo-TZM

5. Carboloy 907 Carboloy 907

6. TiC+IOT_b Mo-TZM

*7. TiC+lO_b TiC+lO_b

Those materials combinations marked with an asterick (*) also were selected

for friction and wear testing in liquid potassium. Where significant differences

in hardness exist, the softer material_ i.e._ Mo-TZM alloy_ was selected as the

rider material (stationary specimen) to facilitate wear-in during testing in

liquid potassium. Couple No. 2 was selected to determine what affect a hard

rider material would have on the wear pattern of a soft disc material in com-

parison with the reverse combination.
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A summary of the technical justifications for the selection of each com-

bination is given in Table If. It is worthy to note that many of the ten

materials eliminated from further evaluation were eliminated primarily because

of the limited number of combinations that can be tested under the provisions

of the program rather than for any anticipated poor performance.

The decision to place considerable emphasis on the refractory metal bonded

carbides was based on their excellent stability at the higher temperatures.

Also, it was elected to test the hard carbide materials against themselves in

order to obtain a direct comparison of the friction and wear behavior of hard/

hard combinations vs hard�soft combinations where Mo-TZM alloy is one material

in a pair. From investigations conducted by Coffin (4,5), it was concluded

that generally it is desirable to have one of the materials harder than the

other in order to facilitate wear-in of the couple. If both materials are

hard and brittle, the surface asperities on the weaker material can fracture

and the resultant debris could cause severe surface damage by abrasion. How-

ever, recent friction and wear tests and full scale bearing tests conducted

elsewhere (6), using liquid potassium as a lubricant, have indicated superior

performance of hard/hard combinations over hard/soft combinations because of

the tendency of wear debris from the hard material to become imbedded in the

soft material of hard/soft combinations and possibly resulting in a cutting

action.

Inquiries were sent to the vendors for the procurement of corrosion and

friction and wear specimens, quotations were received, orders were placed and

all specimens for Mo-TZM alloy and Carboloy 907 were received. The procure-

ment status of the test specimens is shown in Table III.
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TABLE II. SELECTION OF BEARING

MATERIAL COMBINATIONS FOR FRICTION AND WEAR TESTS

Disc

Materials

i. Grade 7178

2. Mo-TZM

3. Grade 7178

4. Carboloy 907

Rider Justification

Mo-TZM

Grade 7178

Grade 7178

Mo-TZM

• Good thermal expansion match.

• Conformability potential (wear-in)

is good, i.e., hard-soft combin-

ation.

• Good producibility.

Grade 7178 is liquid phase sintered.

Excellent surface finish of Grade

7178.

• Both materials are dimensionally

stable and are resistant to corro-

sion by potassium at temperatures

to 1600°F under the conditions

tested.

• Mo-TZM is a possible shaft material.

• Moderate temperature capability in

a Cb/K system, i.e., no Co or Ni

present.

• Mo-TZM has high thermal conductivity

and can dissipate heat rapidly.

See advantages listed for i above.

Provides comparison of friction and

wear behavior of hard-soft combin-

ation with the soft material as

the rotating member.

• Good thermal expansion match.

• Hard/hard combination.

• Good producibility.

Liquid phase sintered_

Excellent surface finish.

• Dimensionally stable and resistant

to corrosion by potassium at

temperatures to 1600°F under con-

ditions tested.

• Moderate temperature capability

in a Cb/K system.

• Good thermal expansion match.

• Conformability potential (wear-in)

good, i.e., hard-soft combination.

• Good producibility.

Low porosity of Carboloy 907

(liquid phase sintered).

Excellent surface finish.
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Materials
TABLEII (Cont'd)

Disc Rider Justification

5. Carboloy 907

6. TiC+10_b

Carboloy 907

Mo-TZM

• Both materials are dimensionally

stable and resistant to corrosion

at temperatures to 1200°F under

the conditions tested.

• Mo-TZM is a possible shaft material.

• Low-moderate temperature capability

in a Cb/K system.

• Mo-TZM has high thermal conduc-

tivity and can dissipate heat

rapidly.

• Both materials are resistant to

thermal shock.

• Good thermal expansion match.

• Hard/hard combination.

• Good producibility.

Low porosity (liquid phase sintered).

Excellent surface finish.

• Dimensionally stable and resistant

to corrosion at temperature to

1200°F under the conditions tested.

• Low-moderate temperature capability

in a Cb/K system.

• Resistant to thermal shock.

• TiC has low solubility in Mo-TZM

at 1600°F; little tendency for
tf . Vt

alloylng .

• Conformability potential (wear-in

is good_ i.e._ hard-soft combination.

• Good producibility.

Low porosity of TiC+lO_b.

• Both materials are dimensionally

stable and resistant to corrosion

by potassium at temperature to

1600°F under the conditions tested.

• Mo-TZM is a possible shaft material.

• High temperature capability in a

Cb/K system.

• Mo-TZM has high thermal conductivity

and can dissipate heat rapidly.
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Materials

Disc Rider

TABLE II (Cont'd)

Justification

7Q TiC+lOT£b TiC+lO_b • Good thermal expansion match.

• Hard/hard combination.

• Good producibility.

Low porosity.

• Dimensionally stable and resistant

to corrosion by potassium at temper-

atures to 1600°F under the conditions

tested.

• High temperature cability in a Cb/K

system.
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IV. TEST FACILITIES

A. Friction and Wear

Friction and Wear in High Vacuum

During the reporting interim_ major emphasis was directed toward the check-

out of the high vacuum friction and wear tester. The tare-weight tests of the

loading arms, the vacuum capability test and the heat distribution tests of the

bakeout heaters were completed.

Tare-Weight Tests

Three different phases of tare-weight testing were accomplished:

Vertical loading balanced by outer dead weight

Vector loading balanced by outer dead weight

Vector loading balanced by force pickup

The four loading arms to be used on the high vacuum friction test (HVFT)

and two loading arms to be used on the liquid potassium friction test (KFT) were

submitted to the same tests. The method of testing is listed in detail in

Appendix A.

Vertical Tare-Weight Tests - The loading arms and supports were disassembled_

cleaned in acetone and all arm bearings lubricated with a suspension of light

machine oil and MoS 2. Subsequently_ the loading arm assemblies were reassembled

carefully to assure that the locations of the sleeves supporting the outer weight

trays were recorded_ the load-transmitting arms of the sleeves were truly vertical

and the center of the loading arms and the center of the force pickups were hori-

zontally aligned. The thermocouples were installed in loading arm No. 1 and the

free ends of the thermocouples and the force pickup cables were suspended so

that they would not load the arms. The weights of all components used in either

the tare-weight tests or that were required for the specimen tests were carefully

measured and recorded.

With the arm to be tested assembled in the No. 1 arm position_ weights were

placed in the inner tray. Then_ the friction tester main chamber was bolted to

the base assembly_ openings for loading arms No. 2, . 3 and 4 were sealedwith

blank flanges, the arm stop-mechanism was installed in:the:lower bearing position

and the diaphragm and viewing port were installed. No other components were

inside the tester.

The loading arm balance point was defined as the condition where the outer

weights were of just sufficient magnitude to bring the point above the hemis-

pherical specimen location into contact with the stop-mechanism as shown by

Figure 1. The location of the stop-mechanism caused the gimbal center-line and

the center-line of the inner end of the loading arm to be at equal vertical dis-

tances from a common reference point on the vacuum chamber.
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Figure 1. Vertical Tare-Weight Flange Assembly for the Calibration of the

Loading Arms for the Friction and Wear Testers.
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l

The original test plan of verifying the balance point was to visually ob-

serve contact with the stop-mechanism_ verified by manually sensing to determine

whether more or less loading was required to produce contact with the stop. How-

ever_ it was found that a more precise measurement could be made by setting a

dial indicator on the arm support and plotting arm deflection versus outer load.

One characteristic load line was obtained for the unbalanced region and another

characteristic load line was obtained after contact was made with the stop due

to bending of the arm as a result of further loading. A typical curve is shown

in Figure 2. The balance point was obtained from the intersection of the char-

acteristic load lines. Three or more readings were made for each Condition of

pressure and inner load for a given loading arm and the readings averaged and re-

ported as one reading. A spread of more than 0.5 ounce between these three

readings was considered unacceptable. The loading arm was tapped very gently

after each new outer weight was applied so that equilibrium was achieved in as

nearly friction-free state as possible. The balance points thus achieved were

repeatable and verified by the visual observation of contact. The arms were

not removed during testing_ nor were the inner weights disturbed; the sequence

of operations were repeated foravacuum of approximately 0.05 torr for arms I,

2_ 3_ and 4; for pressures of 0 psig and 15 psig for all arms; and for 30 psig

for arms 5 and 6 (to be used in the liquid potassium friction tester). The

measured outer weights_ Wo_ are tabulated for all arms in Table IV. Figure 3

shows the variation of outer weight_ Wo_ with inner weight_ Wi_ and chamber

pressure. From these data_ it can be seen that the deviation of W o with pres-

sure is very small. However_ a dimensionless plot_ Figures 4_ 5 and 6_ shows

this relationship more clearly; each loading arm has its own characteristic

variation of W o with W i.

In constructing the dimensionless form_ a constant is subtracted from each

function f (Wo) _ which corresponds approximately to the value of W o at Wi = O_

to move the measured W o curve close to the expected balance line curves. That

value then is divided by 0.8676 W i so that a ratio of measured values need not

be used. With this method a direct percentage change may be read. Compared to

the tare weights obtained at 0 psig_ the averaged tare weights for all the load-

ing arms in vacuum (-14.7 psig) were 1.0% less_ at 15 psig were 0.5% less_ and

at 30 psig were 1.1% less (neglecting only the 2 pound reading for loading arm

5). The slope of the curves shows the pressure trend and the deviation of the

curves from the ratio 1.0 line indicates the parallelism of the data with the

"expected blanace lines to be shown later in Figures 8 thru 13.

The purpose of the vertical tare-weight tests was to provide a means for

the determination of the exact outer weight_ Wo_ which must be placed in the

outer loading arm tray to produce the desired compressive force C between the

hemispherical rider specimens and the disc specimens. To do so_ all of the

moments due to known and unknown forces in the loading train_ shown in Figure

7_ must be taken into consideration.

The general equilibrium equation for the loading arms under tare-weight

or specimen testing conditions is:

_Mg = 0 (about gimbal)

Mto + M + M + M + Md + + M = Mb + Mp ss ao Mftc g ai + wMtc + Mti + M + Ms c
(1)
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Dell.
In.

1=12 Lbs 10.45 oz.

2=12 Lbs 10.45 oz.

3=12 Lbs 10.6 oz.

Avg=12 Lbs 10.50 oz. =

_2.6563 Lbs

0 m

Dell.

In.

-0.005 --

Dell.

In.

-0. 005

Oz. 0

Lbs. 12

Figure 2.

1=12 Lbs 11.5 oz.

-O 2=12 Lbs 11.15 oz.
3=12 Lbs 11.4 oz.

Avg=12 Lbs 11.35 oz. =

[12._094 Lbs

,_ 0.05 Torr Vacuum

Q 1=12 Lbs 8.65 oz.

O 2=12 Lbs 8.5 oz.

_ 3=12 Lbs 8.45 oz.

Avg=12 Lbs 8.5333 oz. =
[12.5333 Lbs

I I I I _ J i t t _
2 4 6 8 i0 12 14 0 2

13

Outer Weight, Wol, Lbs. + Oz.

Deflection of Loading Arm No. 1 of High Vacuum Friction and Wear

Tester as a Function of Applied Load_ Wol _ on the Outer Tare-Weight

Tray. Load_ Wil _ on Internal Tray is 15 Pounds.
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TABLE IV. VERTICAL TARE TEST -

UNCORRECT MEASURED VALUES OF WO (OUTER WEIGHTS) VERSUS

(INNER WEIGHTS) FOR THE LOADING ARMS OF THE FRICTION AND WEAR TESTERS

Inner Weight_ Wi,

Loading Arm

No. 1

(HVFT )

!

Vacuum 0.2575

0.05 Torr

0 psig 0.3219

15 psig 0.3489

Outer Weight_ Wo_ lbs.

2 3 5 8 ii 15

2.0250 3.8297 6.2917

2.0156 3.8261 3.4615

2.1875 3.8125 6.5063

12.5333

12.6563

12.7094

Loading Arm

No. 2

(HVFT)

Vacuum

0.05 Torr

0 psig

15 psig

2,2711 -- 4,8563 7.4844 10.1177

2.2865 3.8698 4.8833 7.4531

2.3115 .... 7.4989

10.1!12

13.5323

13.5959

13.6198

Loading Arm

No. 3

(HVFT)

Vacuum

0.05 Torr

0 psig

15 psig --m

2.9438 -- 5.8448 o-- 11.3990

2.9188 -- 5.8406 8.6115 11.3250

2.8875 -- 5.7917 8.5771 11.2865

Loading Arm

No. 4

(HVFT)

Vacuum

0.05 Torr

0 psig

15 psig

3.4958 --

3.5557 -- 6.1677

3.4500 -- 6.1011

6.2219 8.8913 11.5469

8.8417 11.4530

Loading Arm

No. 5

(KFT)

0 psig

15 psig

30 psig

2.4802

2.4602

2.4219

5.2438 8.0500 10.8250

5.2063 8.0427 10.7802

5.1844 8.0042 10.7427

Loading Arm

No. 6

(KFT)

0 psig

15 psig

30 psig

3.6292

3.5740

3.5218

6.2520 8.8750 11.5000

6.1865 8.8177 11.4281

6.1320 8.7521 11.3896
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J

whe re:

Mto =

M =
P

M =
ss

M =
ao

Md =

Mft c =

M =
g

Mb =

M . --
al

to =

M =
ti

M =
S

M =
C

moment of the outer tray and weights

moment of the force pickup connector

moment of the support shaft friction

moment of the weight of the arms from the gimbal outward

moment of the dial indicator force

moment of the external thermocouple force

moment of the gimbal friction

moment of the bellows force

moment of the weight of the arms from the gimbal inward

moment of the weight of the thermocouples

moment of the inner tray and weights

moment of the weight of the stationary specimen and its set screw

moment of the compressive force between specimens

Appendix B describes the method for determining the moment equilibrium

for loading arms l_ 2_ and 4. It was the intention to use the derived equations

(21)_ (25)_ and (29) relating the outer weights_ Wo_ and the compressive loads_

C_ for the duration of the test program to calculate the required dead-weight

to be applied to the loading arm trays. However_ it became apparent that the

lack of reproducibility of the data precludedthis plan.

Because of the tolerances of the holes by which the loading arm supports

are attached to the flanges of the friction tester and due to variations in

the locations of the bellows and flanges of the loading arms_ each time a load-

ing arm is assembled to the tester a different bellows force is induced. This

change in bellows force cannot be predicted in advance and is sufficiently large_

i.e._ greater than a few percent of the applied weights_ such that it will be

necessary to tare out each loading arm before every test after the shaft_ speci-

mens_ loading arms and gimbals had stabilized at the test temperature and test

pressure. This would account for nearly e_ery variable_ including relative thermal

expansion between the shaft and loading arms which has a small affect on the

compression loading

A summation of the equations of the known moments that was made_ as shown

in Appendix C_ in order to determine whether the unknown moments could be pre-

dicted is given in Table V and in Figures 8 thru 13 as the "Expected Balance
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TABLEV. SUMMARYOF EQUATIONS OF EXPECTED BALANCE

LINES FOR THE LOADING ARMS IN THE FRICTION AND WEAR TESTERS

Loading Arm

No. 1

(HVFT)

Balance Line Equations

Balance Line Equations Normalized to Slope of W i

Load ing Arm

No. 2

(HVFT)

Loading Arm

No. 3

(HVFT)

Load ing Arm

No. 4

(HVFT)

Wol = 0.86756 Wil + 0.57647

VWol = 0.59498 VWil - 0.65214

Ffp I = 0.63138 VWil + 0.00858

W02 = 0.86756 Wi2 + 0.55025

VW02 = 0.59498 VWi2 - 0.66029

Ffp 2 = 0.63138 VWi2 ÷ 0.00858

W03 = 0.86756 Wi3 + 0.30740

VW03 = 0.59498 VWi3 - 0.96740

Ffp 3 = 0.63138 VWi3 + 0.00858

W04 = 0.86756 Wi4 + 0.56570

VW04 = 0.59498 VWi4 - 0.65434

Ffp 4 = 0.63138 VWi4 + 0.00858

WOS = 0.83342 Wi5 + 0.57190

Wol - 0.57647 = 0.86576 W.iI

1.45810 VWol + 0.95809 = 0.86756

VWil

1.37406 Ffp I - 0.01179 = 0.86756

VWil

W02 - 0.55025 = 0.86756 Wi2

1.45810 VW02 + 0.96277 = 0.86756

VWi2

1.37406 Ffp 2 - 0.01179 = 0.86756

VWi2

W03 - 0.30740 = 0.87656 Wi3

1.45810 VW03 + 1.41057 = 0.86756

VWi3

1.37406 Ffp 3 - 0.01179 = 0.86756

VWi3

W04 - 0.56570 = 0.86756 Wi4

1.45810 VW04 + 0.95409 = 0.86756

VWi4

1.37406 Ffp 4 - 0.01179 = 0.86756

VWi4

W05 - 0.57190 = 0.83342 Wi5

Loading Arm

No. 5

(KFT)

VW05 = 0.57157 VWi5
- 0.65273

F = 0.60653 VW + 0.00825
fp5 i5

1.45810 VW05

VWi5

1. 37406 F
fp5

VWi5

+ 0.95175 = 0.83342

- 0.01134 = 0.83342
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TABLEV. (Cont'd)

LoadingArm

No. 6

(KFT)

Balance Line Equations

W06 = 0.83342 Wi6 + 0.56970

VW06 = 0.57157 VWi6 - 0.65494

Ffp 6 = 0.60653 VWi6 + 0.00825

Balance Line Equations

Normalized to Slope of W i

W06 - 0.56970 = 0.83342 Wi6

1.45810 VW06 + 0.95497 = 0.83342 VWi6

1.37406 Ffp 6- 0.01134 = 0.83342 VWi6

NOTE:

Vertical Tare Test

W0 = outer balance weight excluding tray, etc.

Wi = inner test weight excluding tray, etc.

Vector Tare Test

VW 0 =

VW. =
i

Ffp =

outer balance weight excluding tray, etc.

inner test weight excluding tray, etc.

force pickup reading

-33-



Lines". The vertical tare test results of Table IV are plotted as the "Wo"

lines. For clarity, only the lowest pressure points were plotted for loading

arms numbers I thru 4 and only the highest pressure points were plotted for

loading arms numbers 5 and 6.

It will be noted that_ at times, the data points fall exactly on the ex-

pected balance point line, indicating that the bellows and other frictional

forces are negligible (a desirable condition). Such a condition would be true

when the center-lines of both the bellows and the loading arm coincide with

the "balamce stop" position of the loading arm center-line in the free state

condition. Thus, although the bellows are stiff in a plane of parallel trans-

lation of its ends, the bellows produce no force because no deflection is re-

quire at the balance point. When the data points describe a line parallel to

expected balance line, the indication is that in the fabrication of the load-

ing arm the coincident center-line condition described above was not pro-

duced. Other data that fail to describe parallel lines or that fail to re-

produce prior data indicate unacceptable accuracy of the system. This lack

of reproducibility can be traced to the differences in the diameter and lo-

cations of the holes in the loading arm support and loading arm pads on the

friction tester. However_ the measured data lines remain nearly parallel to

the expected balance lines under all test conditions. Since the tangent of

the slope of the expected balance line is merely the ratio of the moment arms

distance from gimbal to inner load

distance from gimbal to outer load

consistent parallelism of the measured data lines indicates the absence of any

significant purely linear measured forces. Therefore_ if one could determine

the degree to which the measured data lines are out of parallel by measuring

the value of the functions f (Wo) when W i = O_ the problem of reproducibility

of data would largely be solved.

Vector Tare Weight Tests - The test setup for the vector loading tare-

weight test is illustrated in Figure 14. The detailed procedure Of performing

the tests is similar to that of the vertical tare tests and also is given in

Appendix A. The exceptions being noted. The summation of the known moment equa-

tions for vector loading_ obtained as shown in Appendix C_ is given in Table V

and the method of calculation of the horizontal and vertical components of the

Vector tare test inner weight_ VW_ is shown in Appendix D.

Results of the vector tare tests are tabulated in Table VI. The outer

weight (VWO) represents the dead weights in the outer loading arm tray at the

balance points. The pickup force (Ffp) represents the load derived from the
Sanborn trace and the calibration curve of the pickup being used when the bal-

ance weights are loaded in the tray. Both values are plotted in Figure 8 thru

13.

The purpose of the vector tare-weight tests was to impose simultaneous

vertical and horizontal loads simulating the compressive load between the speci-

mens and the friction load.
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The force pickups required calibration before beginning the vector tare

tests. It was believed initially that the pickups could be calibrated with

the loading center-line vertical. However_ when the calibration made in the

vertical position was checked with a calibration where the loading center-

lines were horizontal_ it was apparent that they did not verify each other

with acceptable accuracy. Subsequently_ the calibration curves made with

the pickup in the horizontal position were used_ since this is the position

in which the force pickups will be during specimen testing. The method of

calibration is described in Appendix A. Results are reproduced in Figures

15 thru 20.

The hysterisis loop that was obtained for these pickups (Wiancko Engineer-

ing Company_ Pasadena_ California_ range 20 ib tension) was expected. The dip

in the "decreasing load" curve between 4-5 ibs probably is associated with the

removal of a 5 ib weight and the addition of two 4 ib weights; this same proc-

ess is reversed on the "increasing load" curve without producing this effect.

The "increasing load" leg will be used for the tests.

Bakeout Heating Checkout Test

The high vacuum friction tester was assembled as shown in Figure 21. No

loading arms or rotating parts were included in the assembly and all ports were

sealed with blank-off flanges. The viewing port was used as a thermocouple

access port. To evaluate the bakeout capability of the system_ five Pt vs

Pt+10_h thermocouples (TI-T5) were tack-welded directly to the inner walls of

the chamber and two chromel-alumel_ Inconel-sheathed thermocouples (T6-T7)

were inserted in wells located near the upper and lower main shaft bearing

housing. Care was taken to tack weld the Pt vs Pt+10[_h thermocouples between

the heater cables which are located on the outer wall surface instead of directly

opposite the heaters.

The chamber was evacuated to a pressure of 5 x 10 -8 torr_ given a pre-

liminary bakeout and subsequently evacuated to a pressure of 2 x 10 -9 torr.

Heating of the tester was started by applying the full line voltage of Ii0

volts. However_ the voltage was reduced to 88 volts when the temperature of

the heater lead wires became excessive. It will be necessary to change the

lead wires so that full voltage can be applied. The results of the test are

tabulated in Table VII and plotted in Figure 22. Initially_ no cooling or

insulation was utilized for the purpose of obtaining a uniform temperature dis-

tribution. However_ it soon became evident that insulation would be required

to achieve an acceptable temperature distribution. "Fibrefax" insulation was

applied over all the external surfaces of the vacuum chamber of the tester be-

low the lower bearing and excluding the loading arm pads and the viewing port

flange.

The conclusion from this test is that the bakeout heaters_ as now installed

and when insulated_ appear to be adequate for bakeout purposes. However_ an im-

provement in the temperature distribution of the chamber can be achieved by re-

location of the heater elements and by changing the heater lead wires to permit
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T1

Figure 21. Thermocouple Location for Bakeout Heating Checkout Tests on High
Vacuum Friction and Wear Tester.
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TABLEVII. RESULTSOF BAKEOUTHEATINGCHECKOUT
TESTFORHIGHVACUUMFRICTIONANDWEARTESTER

(Voltage Applied to External Bakeout Heaters, 88 Volts)

Elapsed
Hours

0

0.17

0.55

1.05

1.58

2.05

2.55

3 02

3 53

4 i0

4 60

5.07

5.60

6.03

47.00

Vacuum

Torr

8.5 x 10 -9

1 x 10 -8

2 x 10 -7

1.5 x 10 -6

1.5 x 10 -6

1.5 x 10 -6

1.3 x 10 -6

1.2 x 10 -6

1.2 x 10 -6

1.6 x 10 -6

1.8 x 10 -6

3 x 10 -6

4 x 10 -6

4.1 x 10 -6

2 x 10 -7

Temperature_ °F

T 1 T2 T3 T4 T5 T6 T7

RT RT RT RT RT RT RT

125 80 100 100 100 212 220

240 125 130 130 190 Out 455

335 185 170 160 260 560 630

395 240 205 200 295 620 580

420 270 225 215 310 645 602

440 295 250 230 310 660 610

455 305 260 240 315 664 612

460 320 275 255 315 665 612

470 330 300 305 460 665 626

520 340 325 336 475 670 640

640 410 360 355 485 755 656

725 480 405 390 495 802 670

760 525 435 410 505 826 678

Remarks

Start Test

Replaced T6

20A Each Circuit

Added Insulation -

3.80 - 4.30 Hours

Power Off
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application of the full voltage. It should be noted that it will be necessary

to apply cooling at the bearing locations when baking out the chamber.

Vacuum Checkout Test - After completion of the bakeout tests of the chamber_

the getter-ion pump and base assembly were baked out and 75 hours after the

power to the bakeout heaters was shut off_ a vacuum of 6 x i0 -I0 torr was

achieved. Ultimately a vacuum of 4.5 x i0 -I0 torr was reached. It is possible

that the vacuum was lower_ since the sensitivity of the gauge was reached. Data

were tabulated in Table VIII and plotted in Figure 23.

Assembly Instructions - In order to minimize any possibility of error being

made in the assembly of the high vacuum friction tester_ the following assembly

instructions have been written:

HVFT - All "High Vacuum Friction Tester SK-56131-250 - Subassembly

of H28 Bearing Housing SK-56131-251"

HVFT - AI2 "High Vacuum Friction Tester SK-56131-250 - Assembly of H44

Shaft (SK-56131-262G2) in H35 Vacuum Chamber (SK-56131-275)"

HVFT - AI3 "High Vacuum Friction Tester SK-56131-250 - Subassembly of

Loading Arms H64 Specimen Holder Assembly (I19C2844)"

Engineering Drawings - A complete set of engineering drawings for the high

vacuum friction tester has been red lined to show the present "as-built" condi-

tion. The modifications are being incorporated into the tracings and a final

set of drawings will be issued when completed.

Friction and Wear in Liquid Potassium

Final Assembly - Approximately two weeks were required to complete the final

assembly and conditional acceptance inspection (pending General Electric audit

inspection) of the potassium friction and wear tester at the vendor's plant.

During this time the General Electric project engineer was on-site to supervise

all operations. Subsequently_ the tester was shipped and currently is on hand

at General Electric_ Figure 24.

The rotating parts for the upper bearing housing_ incorporating the bearings

which will be used during the actual testing after balancing_ were balanced to

less than 0.300 gram-inch. The mating parts were marked to permit disassembly

and reassembly and still maintain proper balance. The locations of significant

points on the face of the magnet were measured_ and the spacer bolts were set to

provide 0.005-inch clearance between the magnet and diaphragm during shipment.

The upper drive shaft was rotated by hand to assure ease of rotation. Final

assembly of the upper bearing housing was completed without difficulty.

The main shaft was balanced to less than 0.300 gram-inch on a set of #7307

radial bearings which will be used for balancing purposes only. Angular-contact

bearings #7207_ the closest commercial bearings resembling the bearings to be
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Date

3-4-65

3-5-65

3-6-65

3-8-65

3-19-65

TABLE VIII. RESULTS OF VACUUM CHECKOUT

CAPABILITY TEST FOR HIGH VACUUM FRICTION AND WEAR TESTER

Elapsed

Time Time Vacuum

Hours Hours Torr

2130 0 10 -6

0530 8 --

0800 10.5 2 x 10 -8

1630 19.0 6 x 10 -9

_Q

0830 35.5 1.4 x !0

1645 43.0 <i x 10 -9

0800 82.5 6 x i0 -I0

1500 353.5 4.5 x i0 -I0

Remarks

Bakeout Started

End Bakeout

Opened Chamber
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Friction and Wear Tester.
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used in the actual testing, were too loose to be used for balancing and the cir-

cumferential and axial heat-transfer blockage grooves at the bearing seats made

it impossible to balance the rotor on nylon blocks. Again, the mating parts

were marked before disassembling after balancing so that they may be reassembled

in proper balance.

Subsequently, the main bearing housing assembly was assembled without

difficulty. A shim was machined to provide approximately 0.045-inch clearance

between the magnet and the diaphragm during shipment. The two spare diaphragms

were somewhat out of contour, and after inspection at General Electric_ were re-

jected for rework. Also, it was apparent that a more accessible locking system

should be devised for the rotating seal. Two loading arm assemblies were com-

pleted without difficulty. All spare parts for the tester, including one dia-

phragm which was reworked successfully, were received and are on hand.

The vacuum chamber and all the cooling chambers were helium leak checked

at a sensitivity of 5 x 10 -10 torr std cc air/sec and several small leaks were

found in the vacuum chamber. No leaks were found after repair welding.

Sump Heater - The vendor has supplied three conductive, immersion heater

elements for bench testing_ Figure 25. These heaters consist of a swageable,

high purity A1203 core*, Nichrome V No. 29 wire heating elements, nickel lead

wires, a Cb-lZr alloy sheath, a BN** end plug and BN*** powder packed between

the Cb-lZr alloy sheath and the elements. The BN powder, swageable A1203 core

materials combinations represents a change in the heater design in that a high

purity A1203 core material was substituted for a BN core. This change was

necessary because of cracking of the BN core during the swaging operation. Radio-

graphic examination of the swaged heaters with a BN core revealed the nichrome

wires to be embedded in the cracks in the BN resulting in a non-uniform spacing

between the wires and the Cb-lZr alloy sheath. This condition would lead to non-

uniform heating and probably burnout.

All of the BN powder that was used in the fabrication of the heaters was

outgassed for one hour in a vacuum of 5 x 10 -6 torr at General Electric and

sealed under argon in polyethylene bags prior to being shipped to the vendor.

A temperature of 2800°F was used to outgas the BN powder for two of the heaters

and a temperature of 2200°F was used to outgas the BN for the third heater,

Upon receipt of the fabricated heaters at General Electric_ the BN end plugs

were found to have been cracked. However, this condition was not expected to

interfer with the_encfi tests or is it considered a serious problem with respect

to the use of the heater in the friction tester.

* Saxonburg Ceramics, Saxonburg_ Pa., Grade ST-61,>99.5% A1203; Analysis: MgO,

0.02%; Si02, 0.09%, Fe203, 0.06%; Cr203_ 0.002%; TiO2, 0.003%; CaO, 0.05%;

C, 0.035%; S, 0.002%, B, (i0 ppm; Cd, <8 ppm; Hf, <80 ppm.

** Carborundum Electronics Div., Latrobe_ Pa., Grade A_ >97% BN; Typical Analysis:

B203, 2.4%; Alkali Earth Oxides, 0.19; A1203, 0.2%; SiO2_ 0.2%; C, 0.00C%.

*** Carborundum Electronics Div., Latrobe, Pa., Grade HPC,_99.5% BN; Analysis

Maximum: CI, 0.01%; SO4, 0.0005%; NH3_ 0.0005%; B203, 0.2%; AI, 0.1%; Si, 0.05%;

Fe, 0.1%; Mg_ 0.03%; Ca, 0.1%; Na, 0.1%; Cr, 0.1%; Mn, 0.005%; Ti, 0.1%.
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3 Figure 25. Cb-1Zr Alloy Sheathed Immersion Heaters for Potassium Friction 
and Wear Tester. (C650310112) 
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Radiographic examination of the heaters_ Figure 26_ revealed a uniform dis-

placement of the BN between the heating elements and the Cb-lZr alloy sheaths.

Although the Nichrome wire appeared to be wound uniformly over most of the length

of the A1203 core_ the spacing of the wire was found to be uneven over the rest

of the length (near the closed end). This can be seen in Figure 26. The vendor

believes this condition can be corrected by making a smaller weld in the Cb-lZr

alloy end plug. Consequently_ subsequent sets of Cb-lZr alloy sheaths will be

electron beam welded.

The outer surfaces of these heaters were cleaned by pickling in a 20%HF-

20_{NO3-60%H20 acid solution_ electrically connected in parallel and installed

in a high-vacuum chamber. APt vs Pt+10%Rh thermocouple was spot welded to the

surface of each heater prior to installation in the vacuum chamber_ Figure 27.

The chamber was evacuated to a pressure of 2 x 10 -6 torr_ given a bakeout and

subsequently evacuated to a pressure of 6 x 10 -8 torr. The heaters were heated

gradually to the maximum planned service temperature of 1600°F as measured by

the thermocouple attached to the heater surface_ Figure 28. The total duration

of the test was approximately 123 hours and at approximately 80 watts of elec-

trical power each heater generated about 9 KW-hr. The test data are presented in

Table IX. Because of the lack of means to cool the surface of the sheaths_ this

bench test did not permit the application of the full 1000 watts of power that

is expected to be required to heat the potassium in the tester to 1600°F.

Electric resistance measurements were made at 500 volts (DC) across the

insulation of the heaters before and after the 123-hour exposure at 1600°-1680°F

in high vacuum and were found to be l_000-10_000 megohms and 250_000 megohms_

respectively. Results of resistance breakdown tests made after the 123-hour test

exposure are given in Table X.

Two of the heaters were evaluated to determine the compatibility between

the grade of BN powder used to fabricate the heaters and the Cb-lZr alloy sheath

and Nichrome heater wires. The BN used in one of the heaters (J3NX12A-No. 3)

has been vacuum outgassed for one hour at 2800°F and the BN used in the other

heater (J3NXI2B-No. 2) had been vacuum outgassed for one hour at 2200°F. The

Cb-lZr alloy sheath and Nichrome wire were evaluated by means of metallographic

examination and chemical analyses for oxygen_ nitrogen and hydrogen; the Cb-lZr

alloy sheath also was chemically analyzed for boron. The locations of the

various samples obtained for evaluation are shown in Figure 29. Samples for gas

analysis of the Cb-lZr alloy sheath were obtained by machining away the outer

0.030 inch of the wall leaving a solid 0.02 inch thick sample of the inner sur-

face; the entire cross section of the nichrome wire was analyzed. Samples of

the Cb-lZr alloy sheath for spectrographic analysis of boron were obtained by

milling two 0.010 inch thick layers from the inner surface. The Cb-lZr alloy

samples were cleaned by a light mechanical scrapping of the inner surface to re-

move discrete particles of BN that were imbedded in the wall followed by swabb-

ing with alcohol; the Nichrome samples were cleaned by swabbing with alcohol.
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Figure 26. Radiograph (Posit ive)  of Cb-1Zr Alloy Sheathed Immersion Heaters 
for Potassium Frict ion and Wear Tester. 
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Figure 27. Test Set-Up for Conducting Compatibility Test
of Cb-lZr Alloy Sheathed Immersion Heaters in
Vacuum.
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TABLE X. RESISTANCE BREAKDOWN VOLTAGES FOR Cb-lZr ALLOY

SHEATHED IMMERSION HEATERS WITH BN AND A1203 INSULATION AFTER
BEING EXPOSED TO HIGH VACUUM (10 -8 TORR) FOR 123 HOURS AT 1600°-1680°F

Heater No.

J3NX12B-No. 2

DC

Breakdown

Voltage_ KV

3.4

Remarks

Permanent Path Through Insulation

J3NX12A-No. 3 3.2 Arc-Over From Ni Lead to Cb-lZr

Alloy Sheath at Bottom of Heater
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Ni Leads

Two O.OlO-Inch Thick

Cb-lZr Alloy

Analytical

Samples (B)

0.020-Inch Thick

Cb-lZr Alloy

Analytical

Sample

(0, N, H)

00lO-Inch Dia

Nichrome Wire

Analytical Sample O.047-Inch Thick

(O,N,H) __ Cb-lZrsheath Alloy

"_ A12G me _z_.

O.OlO-Inch Dial_
Nichrome Wire

Metallographic

Sample Metallographic

Sample

Figure 29. Location of Samples for Metallographic Examination

and Chemical Analyses of Cb-lZr Alloy Sheathed,

BN/A1203 Insulated Immersion Heaters.
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The results of the chemical analyses are presented in Table Xl. The nitro-

gen content of the inner 0.020-inch layer of the Cb-lZr sheaths increased 86 and

136 ppm with the smaller increase occuring in heater No. 3. This is attributed

to the higher outgassing temperature (2800°F) of the BN powder used in the fab-

rication of heater No° 3 over that used for BN in heater No. 2. The data also

suggest that the oxygen in the Cb-lZr alloy was gettered by the outgassed BN.

A heavy trace of boron was detected on the inner 0.010-inch layer of the Cb-lZr

alloy sample from both heaters. It is possible that small particles of BN which

were imbedded in the Cb-lZr alloy sheath were not removed in the cleaning of

the sample resulting in an indicated pickup of nitrogen and boron by the Cb-lZr

alloy. Previous Cb-lZr alloy BN compatibility bench tests using solid pieces

of BN showed no pickup of nitrogen by the Cb-lZr alloy in 100 hours at 1800°F 3.

No pretest gas analysis of the Niehrome V wire used in the fabrication of the

heaters is available. However_ a comparison of the post-test analyses with a

typical analysis for Nichrome V wire in Table XI would indicate little or no

pickup of nitrogen in the wire exposed to BN that had been vacuum outgassed at

2800°F and possibly several hundred ppm pickup of nitrogen in the wire that was

exposed to BN that had been vacuum outgassed at 2200°F. A possibility of i00

to 200 ppm pickup in oxygen in the wire also exists with the Iarger increase being

associated with the exposure to BN that was vacuum outgassed at the lower temper-

ature (2200°F). However_ since the BN appeared to getter oxygen from the Cb-lZr

alloy_ the probable source of oxygen is the AI203 core on which the wire is wrapped.

Metallographic examination of the Cb-lZr alloy sheath and Nichrome V wire

after the 123 hour exposure to BN revealed no detectable changes in microstructure

of either material_ Figures30 and 31. However_ the cold-worked structure of

the Cb-lZr alloy sheath made examination by light microscopy extremely difficult.

From Figure 30, it is obvious that the inner 3 to 5 mils of the as-received Cb-lZr

alloy tube was contaminated during processing; exposure to the IG00°F test temper-

ature resulted in precipitation of ZrO 2 in the area near the surface° A high

oxygen concentration near the surface also is evidenced from a comparison of

the oxygen content of the inner 0.020-inch layer and the entire 0.047-inch thick

cross section of the sheath_ i.eo_ 353 ppm and 190 ppm_ respectively. Micro-

hardness traverses made across transverse sections of the as-received sheath

and after the 123-hour exposure to BN show a slightly higher hardness near the

inner surfaces of the sheaths. This is attributed to the high oxygen content

near the surface. The slightly higher surface hardness observed in the Cb-lZr

alloy sheaths after the test exposure may be associated with the diffusion of

a small amount of nitrogen into the surface_ _oherent precipitation of ZrO 2

and/or some work hardening resulting from the final swagging operation in the

fabrication of the heater. It is interesting to note that the greater increase

in hardness is associated with the lower vacuum outgassing temperature (2200°F)

given the BN prior to fabrication of the heater.
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0 0,004 - 
Inch 

(L137 3) 

(L1374 

Figure  31. Micros t ruc tures  of Nichrome V Heating Wires from Immersion Heater  
J 3 N X l M - N o .  3 (Top) Containing BN I n s u l a t i o n  t h a t  had been Vacuum 
Outgassed f o r  One Hour a t  2800°F, and Immersion Heater J3NX12B-No .  
2 (Bottom) Containing BN Insu la t ion  t h a t  had been Vacuum Outgassed 
f o r  One Hour a t  2200OF. The  Heaters  were T e s t e d  i n  a Vacuum (10'8 
Torr)  f o r  123 Hours wi th  a Surface  Temperature of 160O0F. 

Etchant :  Marbles Mag: 250X 
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Hardness of Cb-lZr Alloy Sheath_ Knoop (100-Gram Load)
Distance from Inner After 12S-Hour Exposure to BN at 1600°F

Surface_ Inch As-Received J3NXl2A No. 3tl) J3NXl2B No. 2tz)

0.002 141 175 183

0.005 134 137 143

0.010 126 123 138

0.015 123 124 128

0.020 124 127 127

(i)

(2)

BN Vacuum Outgassed 1 Hour at 2800°F at 5 x 10 -6 Torr Prior to

Fabrication.

BN Vacuum Outgassed 1 Hour at 2200°F at 5 x 10 -6 Torr Prior to

Fabrication.

Based on the results obtained from the evaluation of the BN insulated heaters,

the vendor was requested to proceed with the production of 14 additional heaters

of the same design to be used in the fabrication of one immersion heater assembly

for the potassium friction and wear tester. However, the vendor will continue

to attempt to fabricate a Cb-lZr alloy sheathed heater with a swageable_ high

purity A1203 core and high purity A1203" powder insulation between the Nichrome

heating elements and the Cb-lZr alloy sheath. Although_ for reasons of superior

compatibility with the Cb-lZr alloy_ the A12Os insulation is preferred over the

BN insulation_ the A1203 powders are harder than the BN powder and will be more

difficult to compact without damaging the Nichrome V wires° If heaters with

A1203 insulation are fabricated successfully_ bench tests similar to those con-
ducted with the BN insulated heaters will be conducted in high vacuum.

A Type 304SS mock-up of the sump heater assembly has been fabricated success-

fully and is shown in Figure 32. Although the heater has mot been tested for

power production_ it has been tested for electrical continuity and helium leak-
tested.

Test Facility

All electrical power and wiring for the control console for the high vacuum

friction and wear tester have been completed. The inert gas environmental cham-

ber for the liquid potassium friction and wear tester was received from the ven-

dor after being leak checked according to procedures in MIL Std 271C; no leaks

were found at a sensitivity of 5 x 10-10 std cc air/second. The chamber and
other major components have been incorporated in the facility build-up and in-

stalled in the laboratory test areas as shown in Figure 33. An isometric

* Norton Company, Wooster_ Mass._ Grade Alumdum Type 38; Typical Analysis:

A1203, 99.49%; Si02, 0.05%; Fe203, 0.10%; TiO2, 0.01%; Na20, 0.35%.
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Type 3U4SS  
MgO I n s u l a t  
chrome H e a t  
ment s 

32. Type 304SS Mock-up of Conductive Immersion Heater Assembly for 
Potassium Friction and Wear Tester- t P G w - m n l ’ A ’  





drawing of the overall test facilities showing both the high vacuum and liquid

potassium friction and wear testers is presented in Figure 34. The installa-

tion and checkout of the Omart liquid level gauge_ installation of bakeout

heaters and ins_lation for the hot trap_ disposal tank_ cold trap and transfer

lines_ and the installation of a number of valves are the major items that re-

main to be completed on the liquid potassium friction and wear test facility.

B. Potassium Wetting

The final drawings for the potassium wetting apparatus incorporating all

the design revisions have been completed and a complete set of the revised

drawings has been sent to the NASA Technical Manager on March 13_ 1965. All

components for the facility have been received_ fabrication of all subassem-

blies has been completed and final assembly of the apparatus is nearing com-

pletion. Initial evacuation and checkout of the system will begin early in

the report interim.

A drawing of the main test section including the specimen and potassium

handling system is shown in Figure 35. The specimen is identical to those

used in the dimensional stability tests_ i.e._ a rectangular configuration 1.00-

inch long x 0.90-inch wide x 0.80-inch thick. The specimen is clamped in posi-

tion within the chamber on a pedestal which is welded to the lower flange. A

thermocouple well_ welded to the lower flange and extending up into a blind

hole in the specimen_ terminates within 1/4 inch of the upper specimen sur-

face. The internal location and close proximity of the thermocouple to the

specimen surface will assure accurate temperature measurements.

A condenserplmte of Cb-lZr alloy is mounted directly sbc_v_ the specimen

surface and can be cooled by the flow of fluid through the condenser cooling

tube. The Cb-lZr alloy condenser plate is brazed to the Type 316SS cooling

tube 9 using Coast Metal 52 Special_ to enhance heat transfer. To evaluate the

integrity of the brazed joint_ a trial Cb-iZr alloy/Type 321SS brazed joint

was heated eight times to 500QF and quenched in water without failure. The

potassium inlet tube is attached to a bakeable_ all metal valve by means of a

special flange. The valve_ in turn_ is attached to the potassium reservoir.

The inlet tube is so oriented that the stream of potassium vapor from the

potassium reservoir impinges and condenses on the cooled condenser plate. The

condensed potassium may be melted by flow of a hot fluid through the conden-

ser cooling tube causing a droplet to form at the tip of the condenser plate

and subsequently to fall to the surface of the specimen. The droplet may be

observed through either of the two sapphire windows in the main test section.

C>ntact angles between the specimen and the potassium drop will be measured with

a telemicroscope (Gaertner Model MIOIAT) equipped with a protactor eyepiece.

The relative orientation of the condenser assembly_ the specimen mounted assem-

bly with the specimen in position and the potassium inlet tube attached to the

valve to the potassium reservoir can be seen in Figure 36.

The system will be evacuated by means of a 25 liter per second triode ion

pump (GE Model 22TP202); the pressure will be measured with a Trigger Discharge

Gauge (GE Model 22GT214) which is located en the main vacuum manifold. The
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Cb-iZr

Sapphire

Window

CondenserHII! '_"'- Cooling

Condenser _ '/, Specimen

i,,:___ _ Specimen

__ Support

SIDE

Bakeable

Main Vacuum

Valve

! Condenser

oI ink Tube

Main Test _L_____---_ Potassium Vapor /IL

Section U _I_ Inlet Tube _ Bakeable

___ __ _/ Valve

c_z_ _.1o_]U/ _ i l

_l C°ndens_er --_ i_ __ i

_' , LI flIZJllI_______ Specimen [ I

Thermocouple

Well

iv 0 I 2

To Vacuum [ I Ill
System Inches

FRONT

Figure 35. Main Test Section for Sessile Drop Wetting Test Facility.
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Figure 36. Relative Orientation of Condenser, Specimen and Potassium Inlet 
Tube Within the Main Test Section of the Sessile Drop Wetting 
Test Facility. ((265050525) 
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manifold is isolated from the rough pumping system by a bakeable valve. The

rough pumping system consists of a cryogenic molecular sieve sorption pump_ a

thermocouple gauge and a vacuum release valve. A photograph of the partially

assembled apparatus is shown in Figure 37.

The main test section and the two adjacent bakeable valves are enclosed in

an oven capable of a maximum temperature of about 800°F. The oven will function

as a source of heat both for bakeout purposes and to heat the specimen to the

test temperature. Triple-pane windows are provided on each side of the oven

opposite the sapphire windows in the test section. A view of the wetting

apparatus with the oven and telemicroscope in position is shown in Figure 38.
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Figure 37. Partially Assembled Sessile Drop Wetting Test Facility. (C65042830) 
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Figure 38. Sessile Drop Wetting Test Facility with Oven in Place. ((265042831) 
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V. TEST PROGRAM

A. Corrosion

All of the candidate bearing test specimens that were exposed to potassium

for i_000 hours at 1600°F in Cb-lZr alloy capsules were sectioned_ as shown in

Figure 39_ for metallographic examination and chemical analysis or x-ray diffrac-

tion analysis.

The chemical analyses of the Mo-TZM alloy_ unalloyed tungsten_ and Star J

specimens tested at 1600°F for l_O00 hours have been completed and are shown in

Table XII. A significant loss of carbon was observed in the Star J specimen

located in the liquid region_ i.e._ 300 ppm. This loss of carbon in the specimen

corresponds to a weight loss of 9.1 mg which is in good agreement with the mea-

sured weight loss of 9.2 mg. From these data_ it is assumed that the weight loss

observed in the Star J specimen (MCN 1047-A5) located in the liquid zone can be

attributed to the loss in carbon. No significance is attached to the other slight

variation in the chemical analyses observed in the specimens. It should be noted

that no transport of nitrogen from the Star J specimens was observed as was ex-

pected to occur at 1600°F.

The Cb-lZr alloy containment capsules from the 1600°F test have been sec-

tioned_ Figure 40_ and a 0.020-inch thick specimen was removed from the ID of

the liquid zone sample for oxygen_ hydrogen_ nitrogen and carbon analyses. The

data are presented in Table XIII. With the exception of the capsules containing

the Carboloy Grade 907 and 999 specimens_ a visual examination of the ID of the

capsules after sectioning revealed no changes in appearance. In the case of the

former two capsules_ a black discoloration was observed in the liquid regions of

both capsules_ Figures 41 and 42. The black discoloration observed was examined

for the possibility of carbon and/or cobalt transfer from the specimens. X-ray

fluorescence analyses of the capsule wall in the area in question did not detect

the presence of cobalt. However_ the capsules which contained the Carboloy 907_

Carboloy 999_ Grade 7178 and Star J specimens all showed a significant increase

in carbon content. The specimens contained in these capsules all contain carbon

in the form of WC or_ in the case of Star J_ as Cr7C3 or M6C. Thermodynamically_

these carbides are less stable than CbC and the transfer of carbon to the Cb-lZr

alloy capsule wall is not unexpected.

Atomic bonding in the refractory metal carbides is believed to be metallic

in nature and since most of the monocarbides of the refractory metals have a

cubic crystal structure and favorable atomic size differences_ they generally

form a complete series of solid solutions. Additions of Other refractory metal

monocarbides to WC_ then, would tend to affect an increase in thermodynamic sta-

bility of the carbide body. This can be observed experimentally from the fol-

lowing data extracted from Table XIII.
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lo,rphyi_j_l_L
,--=-3/8" * 1/16 Inch

_-TZM Alloy and Unalloyed Tungsten

_--_J/8'__=---3/8

1/16"

Star J

Metal-
lography

w!
_3/8

Chem. X-Ray Diffraction

_3_6 ,uL 1"

r
All Remaining Materials

Figure 39. Location of Samples Taken from Candidate Bearing Specimens Tested

in Potassium for 1_000 Hours at 1600°F.
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!
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l,
Figure 40. Location of Samples Taken from Cb-lZr Alloy Containment Capsules

Tested for 1_000 Hours at 1600°F.
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1 Inch + 
1 Inch 

t 
2-1/4 Inches 

1 Inch + 
1 Inch 

ID of Capsule 
in Vapor Region 

ID of Capsule 
in Liquid Region 

Figure 41. Sections Removed from Cb-1Zr Alloy Isothcrmal Corrosion Capsule 
Which Contained Carboloy 907 Test Specimens. 
Exposed to Potassium for 1,000 Hours at 1600'F. 

The Capsule was 
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ID of Capsule 
in Vapor Region 

ID of Capsule 
in Liquid Region 

Figure 42. Sections Removed from Cb-1Zr Alloy Isothermal Corrosion Capsule 
Which Contained Carboloy 999 Test Specimens. The Capsule was 
Exposed to Potassium for 1,000 Hours at 1600'F. 
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Material Composition

1
Carbon Analyses of Inner

0.020 Inch Layer of Cb-iZr

Alloy Wall After l,O00-Hr.

Exposure to Potassium at

1600°F; ppm

Carboloy 999 97%WC, 37_o 390

Carboloy 907 74%WC, 20%Ta, 67_o 195

Grade 7178 --- 120

K601 84.5%W, 10%Ta, 5.5_ 35

Cb-lZr Alloy --- 50

Control

Average of Two Analyses

The excellent stability of the complex carbide in K601 is attributed to the

proprietary form in which the powder additions are added to the powder blend

prior to compaction and vacuum sintering.

No significant changes in oxygen, nitrogen or hydrogen were observed in

the inner surface of the Cb-lZr alloy capsule, attesting to the high purity of

the potassium.

Metallographic preparation of the test specimens tested at 1600°F has been

completed and evaluation is underway.

Twenty-four isothermal corrosion capsules have been opened under argon,

the potassium drained and the specimens cleaned by vacuum distillation in the manner
described in Quarterly Progress Report No. 7. 2 Twelve of the capsules had

been tested for 1,000 hours at 1200°F and twelve had been tested for 1,000 hours

at 800°F. The capsules c_ed the following specimens in the liquid and vapor

regions:

Star J TiC+107_b

Unalloyed Tungsten TiC

Mo-TZM Carboloy 999

Zircoa 1027 Carboloy 907

Lucalox Grade 7178

TiC+5%W K601
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The weight and dimensional measurements of the specimens tested at 1200°F

were obtained and are reported in Table XIV along with the pre-test data and

the observed changes. The data were evaluated in the same manner as were the

test specimens tested at 1600°F2.0 Major differences in the results of the

1200°F test in comparison with the results of the 1600°F test can be summarized

as follows:

1. A slight growth was observed in the Carboloy 999 and Carboloy 907

specimens tested at 1200°F in contrast to a negative change in
dimensions for the specimens tested at 1600°F. Although a weight

loss was observed for all the Carboloy specimens_ the changes in

weight were significantly less than those reported for the

specimens tested at 1600°F.

2. Significantly smaller increases in dimensions and weight were

observed for the Zircoa 1027 material.

3. No surface reactions occurred between the Lucalox specimens and

potassium as was the case for the specimens tested at 1600°F.

Also negligible changes in dimensions and weight were observed.

4o Positive weight changes were recorded for Star J and K601 in
contrast to negative changes of similar specimens tested at 1600°F.

5o From the weight change data_ it is believed that little_ if any_

carbon was transferred from Carboloy 999_ Carboloy 907_ and Star J

specimens.

All other changes in dimdnsions and weights of the test specimens tested

at 1200°F were the same or less in magnitude as observed for those specimens

tested at 1600°F. Again, Mo-TZM, tungsten_ TiC and the refractory metal bonded

TiC specimens proved to have excellent stability in potassium.

The specimens tested at 1200°F have been sectioned for metallographic

examination in the same manner as were the specimens tested at 1600°F and

metallographic preparation is underway.

B. Hot Hardness

The unalloyed tungsten specimen_ MCN 1038-D-1, that had exhibited a
deviation in hardness values between the heating and cooling cycles in the

initial hot hardness test 2 was given a recrystallization treatment of two

hours at 2200°F in a vacuum of 10-6 torr. Initially_ it was thought that the

spread in hardness values between the heating and cooling curves might be due
to differences in homogeniety in the amount of strain hardening imparted to

the 0.750 inch diameter tungsten rod during processing and that the recrystalliza-

tion anneal would minimize differences in hardness throughout the cross section

of the specimen. Subsequently_ the heat treated specimen was subjected to the
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hot hardness test cycle and the resultant data_ presented in Table XV and Figure

43_ showed a spread in hardness_ i.e._ 75 Kg/mm 2 at approximately 600°F_ between

the heating and cooling cycles that was similar to the data obtained in the in-

itial test on the stress-relieved specimen_ i.e.j 120 Kg/mm 2 at approximately

400°F. A room temperature hardness traverse from the edge to the center of the

samples after the recrystallization treatment indicated the hardness to be within

a range of 378 to 444 Kg/mm 2. Although the spread in hardness values measured

in the room temperature traverse also was quite high_ i.e._ 66 Kg/mm2_ the

fact that the cooling curve consistently was lower than the heating curve was

disconcerting.

Since the specimen temperature is measured by a thermocouple located on

the bottom surface opposite the surface where the impressions are made_ a check

test was conducted to determine whether the deviation in hardness between the

heating and cooling cycles was due to a possible temperature differential between

the two surfaces. A 0.020-inch diameter hole was drilled into a TiC specimen

parallel to and approximately 0.032 inch below the top surface. APt vs Pt+10%Rh

thermocouple (0.005-inch diameter wires) was inserted into the hole and the

specimen was subjected to the typical hot hardness heating and cooling cycle.

The data_ presented in Table XVI_ show that the top surface temperature was con-

sistently higher during the heating cycle (maximum difference + 38°F at 600°F) and

lower during the cooling cycle (maximum difference -47°F at approximately 1000°F)

and suggest that if a deviation in hardness does exist_ the hardness obtained

upon cooling should be higher than the hardness obtained on heating rather than

lower as was obtained with the unalloyed tungsten specimen. It is suggested

that the interactions between one or more interstitial element(s) and dislocations

in the tungsten at the lower temperatures are responsible for the hysteresis

effect observed in the heating and cooling curves of the hardness data. Con-

ceivably_ interstitial elements locked at dislocation sites at the lower temper-

atures are free to move at the higher test temperatures and upon cooling repre-

cipitate at the dislocation sites. Hysteresis in this process could lead to

the observed hardness behavior.

The initial hot hardness data presented for i0 of the 14 candidate mate-

rials in quarterly report No. 72 showed a considerable amount of general scatter_

which is attributed_ at least in part_ to the light 100-gram load employed in

those tests. This particular load had been selected_ based on prior experience_

to minimize the possibility of cracks developing around the impressions and

still realize an impression of sufficient size to facilitate its measurement.

However_ in many of the materials tested_ the extremely high hardness or the

non-metallic matte-like surface finish (Lucalox_ TiB2) made accurate measure-

ments quite difficult. Subsequently_ a decision was made to increase the test

load to 150 grams and test a second specimen of each of the 14 materials. These

data are presented in Tables XIX thru XXXIV and Figures 44 thru 59.

To establish the effect of the 150-gram load on hardness values in com-

parison to values obtained with a 100-gram load_ a room temperature hardness

traverse was carried out on one of the candidate materials (the recrystallized

tungsten specimen_ MCN I038-D-I). The data are shown in Table XVII_ and it
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TABLE XV. HOT HARDNESS DATA FOR UNALLOYED ARC CAST TUNGSTEN

Specimen Identity - MCN I038-D-I

Specimen Condition - Recrystallized 2200°F/2 Hours

Test No./Run No. 1/4

Date - December 18_ 1964

Indenter - 136 ° Diamond Pyramid (Vickers)

Load - i00 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr °F

- -- RT

0 8.0 x 10 -6 RT

5 1.0 x 10 -5 120

14 2.5 x 10 -5 206

24 6.0 x 10 -5 314

34 9.0 x 10 -5 429

43 ............. 8.5 x 10 -5 .... 5_!

54 6.2 x 10 -5 599

68 3.0 x 10 -5 703

83 2.2 x 10 -5 822_

93 1.6 x 10 -5 983 _,

120 1.4 x 10 -5 i163J

126 1.4 x 10 -5 1218

133 1.2 x 10 -5 1384

159 1.2 x 10 -5 1484

182 2.6 x 10 -5 1647

185 2.0 x 10 -5 1663

Power Off

193 2.0 x 10 -5 1632

203 9.5 x 10 -6 1232

220 7.0 x 10 -6 i000

268 4.0 x 10 -6 607

295 3.0 x 10 -6 505

335 2.0 x 10 -6 397

Hardness

Kg/mm 2

396 (1)

435 (2)

453

421

324

234

2d3

234

214

Sticking-Overload

170

153

152

157

144

156

153

160

160

195

231
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(i)

TABLE XV. (Cont' d)

Room Temperature Hardness of the Specimen on a Kentron Tester Using

a Vickers Diamond Pyramid_ a lO0-Gram Load and a 15-Second Hold.

2
396 Kg/mm

396 Kg/mm 2

396 Kg/mm 2

Average 396 Kg/mm 2

(2) Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid_ a lO0-Gram Load and a 15-Second Hold.

431Kg/mm 2

426 Kg/mm 2

442 Kg/mm 2

442 Kg/mm 2

Average 435 Kg/mm 2
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TABLEXVI. TEMPERATUREDIFFERENTIALBETWEENTHE
TOPANDBOTTOMSURFACESOFA HOT HARDNESS SPECIMEN

Material: TiC

Specimen Identity: MCN I042-D-2

Date: March 2_ 1965

Time Vacuum

Minutes Torr

0 1.5 x 10 -5

6 2.0 x 10 -5

16 5.0 x 10 -4

27 9.0 x 10 -5

35 1.0 x 10 -4

41 1.2 x 10 -4

50 1.2 x 10 -4

62 7.6 x 10 -5

73 6.0 x 10 -5

82 6.0 x 10 -5

93 5.5 x 10 -5

i00 6.0 x 10 -5

114 5.5 x 10 -5

127 4.6 x 10 -5

137 4.6 x 10 -5

153 5.0 x 10 -5

174 7.0 x 10 -5

186 ---

190 6.8 x 10 -5

20O

205 3.2 x 10 -5

209 3.0 x 10-5

214 2.4 x 10 -5

222 2.0 x l0 -5

242 1.6 x 10 -5

264 1.4 x 10 -5

280 1.4 x 10 -5

295 1.2 x 10 -5

310 1.2 x 10 -5

32 1.0 x 10 -5

Temperature of

Bottom Surface

T.C.I_°F(1)

77

129

219

363

460

530

601

682

797

890

945

1044

1194

1289

1357

1449

1605

1613

1628

Power Off

1374

1237

1124

1017

784

642

569

518

471

398

Temperature of

Top Surface

T.C. 2 2 °F(2)

78

139

241

380

474

555

639

719

818

912

972

1069

1202

1293

1355

1453

1597

1605

1621

1337

1210

1093

97O

764

625

548

496

448

375

Temperature

__Difference

(T.C. 2-T.C. i)

oF

+ 1

+i0

+22

+17

+14

+25

+38

+37

+21

+22

+27

+25

+ 8

+ 4

- 2

+ 4

- 8

- 8

- 7

-37

-27

-31

-47

-20

-17

-21

-22

-23

-23
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TABLE XVI. (Cont ' d)

(1) Control Thermocouple (Pt vs Pt+10_h) Used in all Hot Hardness

Tests. Embedded in Anvil Upon Which Hot Hardness Specimen is

Seated. Bead of Thermocouple is in Contact with Bottom of

Specimen.

(2) Test Thermocouple (Pt vs Pt+lO?_h) Placed Inside a 0.020-Inch

Diameter Hole Drilled Parallel to and Approximately 0.032 Inch

Below the Top Surface.
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TABLE XVII. ROOM TEMPERATURE HARDNESS TRAVERSE

OF UNALLOYED ARC CAST TUNGSTEN

Specimen Identity - MCN I038-D-I

Specimen Condition - Recrystallized 2200°F/2 Hours

Test No./Run No. - _/7

Date - March 18_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Location of Impression

Hardness

Kg/mm 2_

0.042 inch from edge

0.047 inch from edge

0.052 inch from edge

0.062 inch from edge

0.072 inch from edge

0.087 inch from edge

0.102 inch from edge

0.122 inch from edge

0.152 inch from edge

0.177 inch from edge

0.202 inch from edge

0.227 inch from edge

0.232 inch from edge

0.237 inch from edge

420

420

408

412

400

408

400

408

416

424

408

420

408

421

Average

Spread

411

400 - 424
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is apparent that the 150-gram load is effective in reducing the scatter in the

hardness data over that obtained with the 100-gram load (400-424 Kg/mm 2 vs 378-
444 Kg/mm2).

Prior to initiation of the second series of tests, a new Vickers indentor

(#2006) was mounted in the hot hardness tester and a room temperature check

test was carried out on the recrystallized tungsten specimen to establish any
variation in hardness values between a Kentron tester and the hot hardness

tester. These data are presented in Table XVIII and, as can be seen, indi-

cated that the hot hardness tester produced readings approximately 5% higher

than the measured values produced by the Kentron instrument at the same lo-

cation on the specimen.

The initial hot hardness test employing the heavier load was performed

on the recrystallized tungsten specimen MCN 1038-D-1. The data shown in Table

XIX and Figure 44 indicate slightly lower hardness values are obtained at the

higher temperatures on the heating cycle with the 150-gram load than obtained

with the 100-gram load. Although difficulty with the vacuum system during the

cooling cycle interrupted the taking of hardness impressions, the few points

obtained on the cooling cycle at the lower temperatures (200 ° to 400°F) again

were lower than the values obtained on the heating cycle similar to that ob-

Served with the 100-gram load and further substantiating the existance of a hy-

steresis effect. The hot hardness data for the Mo-TZM alloy_ Table XX and

Figure 45, that were obtained with the 150 gram load also were more uniform

and exhibited slightly lower hardness values at the higher test temperatures.

Two additional tests were conducted with the Mo-TZM alloy, utilizing

anuLh_r specimen) _i(:_ ,l,X,--,l--, and a !50-gram la_ @a _i.. -.................... _ _ _._ the re_-u-
ducibility of the hot hardness tester. These tests were conducted at two

week intervals and as can be seen from the data in Tables XXI and XXII and Figures
46 and 47, the agreement in the hardness data for all three tests is excellent

indicating good reproducibility for the instrument.

The hot hardness curve for the TiC material, Table XXIII and Figure 48, was

quite similar to the first curve. However_ minute cracking was observed around

the majority of the room temperature hardness impressions.

The hardness data for the Carboloy Grades 907 and 999_ Tables XXlV and XXV

and Figures 49 and 50_ are more uniform for both the heating and cooling cycles

at the higher load. The hardness levels were essentially the same for both
materials under either load.

The data for the TiB2 material, Table XXVI and Figure 51, showed con-

siderable scatter in both the heating and cooling cycles. This is believed

to be due to the porous condition of the material; extremely fine porosity

was noted in penetrant inspection and metallographic examination of test speci-

mens used in other phases of the program. Also, the resultant matte-like sur-

face finish made accurate measurements of the hardness impressions most diffi-

cult. Because of the latter surface finish condition_data could not be
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TABLE XVIII. COMPARISON OF HARDNESS VALUES BETWEEN A

KENTRON TESTER AND THE GE HOT HARDNESS TESTER

Date -

Indenter

Load ,-

Holding Time

Instrument

Kentron Tester

Material - Unalloyed Arc Cast Tungsten

Specimen Identity - MCN I038-D-I

Specimen Condition - Recrystallized 2200°F/2 Hours

Test No./Run No. - 1/6

March 18_ 1965

- 316 ° Diamond Pyramid - #2006 (Viekers)

150 Grams

- 15 Seconds

Impression

No.

1

2

3

Hot Hardness Tester

Average

Average

Hardness

Kg/mm 2

426

428

430

428

446

451

451

449
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TABLE XIX. HOT HARDNESS DATA FOR UNALLOYED ARC CAST TUNGSTEN

Specimen Identity - MCN I038-D-I

Specimen Condition - Recrystallized 2200°F/2 Hours

Test No./Run No.. 1/8

Date - March 19_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr °F

.... RT

0 2.0 x 10 -5 RT

6 3.0 x 10 -5 117

13 3.5 x 10 -5 209

22 _ " ..... "_

32 1.2 x 10 -4 458

46 2.0 x 10 -4 752

53 1.2 x 10 -4 830

60 5.0 x 10 -4 862

75 4.8 x 10 -5 981

86 4.6 x 10 -5 iiii

i00 4.0 x 10 -5 1210

114 5.0 x 10 -5 1396

Vacuum Leak - 70 Microns

127 6.0 x 10 -5 1504

• Power Off

300 8.0 x 10 -5 367

-- 6.5 x 10 -5 348

..... 320

..... 200

Hardness

Kg/mm 2

428 (1)

414 (2)

433

442

392

290

184

165

194

162

158

156

148

128

268

281

281

375
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TABLE XIX. (Cont'd)

(i)

(2)

(3)

Room Temperature Hardness of the Specimen on a Kentron Tester

Using a Vickers Diamond Pyramid_ a 150-Gram Load and a 15-
Second Hold.

Room Tejnperature Hardness of the Specimen on the Hot Hardness
Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load

and a 15-Second Hold.

399 Kg/mm 2

415 Kg/mm 2

428 Kg/mm 2

Average 414 Kg/mm 2

Room Temperature Hardness of the Specimen After the Test Cycle

on a Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram
Load and a 15-Second Hold.

Average

468 Kg/mm 2

453 Kg/mm 2

477 Kg/mm 2

460 Kg/mm 2
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Figure 44. Hardness of Unalloyed Arc Cast Tungsten as

a Function of Temperature.
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TABLE XX. HOT HARDNESS DATA FOR Mo-TZM ALLOY

Specimen Identity _ MCN 1037-D-2

Specimen Condition _ Stress-Relieved 2250OF/1/2 Hour

Test No./Run No. - 17/1

Date - March 20j 1965

Indenter - 136° Diamond Pyramid

Load - 150 Grams

- #2006 (Vickers)

Holding Time - 15 Seconds

Time
Vacuum

Minutes
---------- Torr

m_

0 2.5 x 10 -5

6 2.5 x 10-5

15 3.0 x 10 -5

25 4.5 x 10 -5

37 5.0 x 10 -5

47 1.0 x 10-4

60 3.5 x 10-5

73 3.0 x 10-5

90 2.5 x 10-5

i01 2.0 x 10 -5

ii0 2.0 x 10 -5

120 2.5 x 10 -5
125

3.0 x 10-5
142

-u_

145
5.0 x 10 -5

162
1.8 x 10-5

174
1.4 x 10 -5

185

212
Power Off

23O
8.0 x 10 -6

279
6.0 x 10 -6

320
5.0 x 10 -6

360
5.0 x 10-6

4OO
4.0 x 10 -6

4.0 x 10-6
3-22-65 3.0 x 10-3
3-22-65

Temp.
oF

RT

RT

122

206

301

427

553

592

746

884

1065

1111

1244

1346

1484

1551

1220

1055

1019

86O

701

513

4O2

345

285

25O

RT

RT

Hardness

_Kg/mm 2

295(1)

262(2)

272

266

243

220

212

220

213

201

2O8

199

196

192

191

189

186

196

192

214

214

235

228

25O

255

258
309 (3)

306(4)
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TABLE XX. (Cont 'd)

(1) Room Temperature Hardness of the Specimen on a Kentron Tester Using

a Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

(2) Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-

Second Hold.

218 Kg/mm 2

284 Kg/mm 2

284 Kg/mm 2

Average 262 Kg/mm 2

(3)

(4)

Room Temperature Hardness of the Specimen_ After the Test Cycle_

on the Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006),

a 150-Gram Load and a 15-Second Hold.

307 Kg/mm 2

311Kg/mm 2

307 Kg/mm 2

Average 309 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle 3

on a Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram
Load and a 15-Second Hold.

311Kg/mm 2

306 Kg/mm 2

302 Kg/mm 2

Average 306 Kg/mm 2
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TABLEXXI. HOTHARDNESSDATAFORMo-TZMALLOY

SpecimenIdentity - MCN I037-D-I

Specimen Condition - Stress-Relieved 2250°F/I/2 Hour

Test No./Run No. - 2/2

Date - April 14_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr °F

Hardness

Kg/mm2

..... RT

0 5 x 10 -3 RT

13 2.6 x 10 -5 206

22 5.0 x 10 -5 301

31 8.6 x 10 -5 400

43 1.2 x 10 -4 509

55 6.8 x 10 -5 604

68 3.8 x 10 -5 700

80 2.8 x 10 -5 814

91 2.4 x 10 -5 926

98 _._ x _v 1008

lO_ 1.6 X 10 -5 1106

118 1.4 X 10 -5 1200

137 1.2 x 10 -5 1313

160 1.2 X 10 -5 1404

172 1.0 x 10 -5 1504

183 1.0 X 10 -5 1404

198 1.0 x 10 -5 1304

208 8.0 X 10 -6 1211

215 7.0 x 10 -6 1088

222 6.5 x 10 -6 974

240 5.6 x 10 -6 858

268 Power 5.0 x 10 -6 682

Off

293 4.0 x 10 -6 569

317 4.0 x 10 -6 495

360 3.0 x 10 -6 395

490 3.0 x 10 -6 238

675 3.0 x 10 -6 136

-- 3.0 x 10 -6 136

..... RT

325 (1)

301 (2)

297

253

234

231

221

218

209

215

203

198

2OO

196

20O

196

210

207

209

215

229

231

243

247

261

267

285

285

297

319(3)
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TABLE XXI. (Cont'd)

(i)

(2)

(3)

Room Temperature Hardness of the Specimen on a Kentron Tester Using

a Vickers Diamond Pyramid_ a 150-Gram Load and 15-Second Hold.

328 Kg/mm 2

326 Kg/mm 2

326 Kg/mm 2

Average 325 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)# a 150-Gram Load and a 15-

Second Hold.

329 Kg/mm 2

276 Kg/mm 2

299 Kg/mm 2

Average 301Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_

on a Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram

Load and a 15-Second Hold.

320 Kg/mm 2

318 Kg/mm 2

318 Kg/mm 2

Average 319 Kg/mm 2
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TABLE XXII. HOT HARDNESS DATA FOR Mo-TZM ALLOY

Specimen Identity - MCN 1037-D-1

Specimen Condition - Stress-Relieved 2250°F/1/2 Hour

Test No./Run No. -- 2/4

Date - April 27, 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.
Minutes Torr _F

Hardness
Kg/mm-

.... RT

0 2.0 x 10 -5 RT

3 2.6 x 10 -5 103

13 3.6 x 10 -5 200

25 6.0 x 10 -5 300

33 6.8 x 10 -5 400

45 9.4 x 10 -5 505

58 7.0 x 10 -5 608

70 4.5 x 10 -5 700

79 4.4 x 10 -5 800

88 4.0 x 10 -5 904

96 3.4 x 10 -5 1000

124 2.2 x 10 -5 1234

130 2.2 x 10 -5 1307

140 2.3 x 10 -5 1400

150 2.8 x 10 -5 1500

162 2.6 x 10 -5 1600

Power Off
171 2.0 x 10 -5 1484

177 1.6 x 10 -5 1400

184 1.4 x 10 -5 1300

193 1.2 x 10 -5 1183

208 1.0 x 10 -6 1063

217 7.0 x 10 -6 979

240 8.0 x 10 -6 800

256 6.5 x 10 -6 700

4-28-65 3.0 x 10 -3 RT

4-28-65 --- RT

319(1)

291( 2 )

315

290

282

269

253

241

237

226

221

209

209

204

204

198
199

203

204

215

207

221

219

219

233
307(3)

319 (4)
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TABLE XXII. (Cont'd)

(i) Room Temperature Hardness of the Specimen on a Kentron Tester Using

a Vickers Diamond Pyramid, a 150-Gram Load and 15-Second Hold.

320 Kg/mm 2

318 Kg/mm 2

318 Kg/mm 2

Average 319 Kg/mm 2

(2) Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006), a 150-Gram Load and a 15-
Second Hold.

290 Kg/mm 2

292 Kg/mm 2

Average 291Kg/mm 2

(3)

(4)

Room Temperature Hardness of the Specimen, After the Test Cycle, on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram
Load and a 15-Second Hold.

Room Temperature Hardness of the Specimen, After the Test Cycle, on a
Kentron Tester Using a Vickers Diamond Pyramid, a 150-Gram Load and
a 15-Second Hold.

320 Kg/mm 2

318 Kg/mm 2

318 Kg/mm 2

Average 319 Kg/mm 2

-105-



lO00

8OO

60O

4OO

2OO

J
(D

Specimen Identity - MCN 1037-D-1

lO0-- Specimen Condition - Stress Relieved 2250°F/
-- ! Hour2

80- Test No./Run No.
-- Date

Indenter
60--

Load

Time

40--

- 4-27'-65
- 136 ° Diamond Pyramid'-

No. 2006 (Vickers)

- 150 Grams

- 15-Second Holding Period

20--

Code: O Heating

Cooling

Vacuum: Start of Test - 2.0 x 10 -5 Torr

1600@F - 2.6 x I0-_ Torr

End of Test - <6.5 x lO -6 Tort

I0
0 200 400

I i
600 800 I000 1200 I_00 1600 1800 2000 2200

Temperature, °F

Figure 47. Hardness of Mo-TZM Alloy as a Function of

Temperature.

-106-



TABLE XXIII. HOT HARDNESS DATA FOR TiC

Specimen Identity - MCN I042-D-3

Test No./Run No. - 18/1

Date - March 22_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr ?F

.... RT
0 3.5 x 10 -5 RT

5 2.8 x 10 -5 128

13 4.0 x 10 -5 209

25 8.0 x 10 -5 314

33 1.2 x 10 -4 422

47 1.5 x 10 -4 537

57 1.0 x 10 -4 604

73 6.0 x 10 -5 704

90 4.0 x 10 -5 838

97 4.0 x 10 -5 906

118 3.0 x 10 -5 1197

135 2.8 x 10 -5 1214

152 2.4 x 10 -5 1304

159 2.4 x 10 -5 1404

175 --- 1504

183 2.4 x 10 -5 1404

191 2.0 x 10 -5 1396

201 1.8 x 10 -5 1192

214 1.6 x 10 -5 1095

234 1.5 x 10 -5 963

253 1.5 x l0 -5 892

260 Power Off

290 1.2 x 10 -5 729

300 1.2 x 10 -5 600

340 1.4 x 10 -5 489

480 1.4 x 10 -5 278

.... 200

3-23-65 --- RT

3-23-65 --- RT

Hardness

Kg/mm 2

2210 (1)

2620(2)

2718

2585

2650

2190

1840

1696

1599

1260

1218

865

764

679

654

601

663

734

807

735

1004

1158

1730

1568

2004

2404

2585

2655 (3)

3247 (4)
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TABLE XXIII. (Cont' d)

(i)

(2)

(3)

(4)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

Room Temperature Hardness of the Specimen on the Hot Hardness Tester Using

a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-Second Hold.

2718 Kg/mm 2

2522 Kg/mm 2

Average 2620 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006), a 150-Gram

Load and a 15-Second Hold.

2788 Kg/mm 2

2522 Kg/mm 2

Average 2655 Kg/mm 2

Room Temperature Hardness of the Specimenj After the Test Cycle 3 on

a Kentron Tester Using a Vickers Diamond Pyramid, a 150-Gram Load and
a 15-Second Hold.

3420 Kg/mm2

3130 Kg/mm 2

3190 Kg/mm 2

Average 3247 Kg/mm 2

NOTE: Small CraCks we_Observed Around all Room Temperature Hardness

Impressions.
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TABLE XXIV. HOT HARDNESS DATA FOR CARBOLOY 907

Specimen Identity _ MCN I036-D-2

Test No./Run No. - 19/1

Date - March 23, 1965

Indenter _ 136° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time
Vacuum

_ Temp.
Minutes Tor_._r oF

I--

RT
0 8.0 x 10 -6 RT
5 1.8 x 10-5 120

14 2°0 x 10-5 200

26 4.6 x 10 -5 321

34 8.0 x 10-5 412

45 9.2 x 10-5 515

58 6.2 x 10-5 612

73 3.6 x 10-5 710

86 3.6 x 10-5 840

94 3.2 x 10-5 959

i00 2.6 x 10-5 i011

116 2.0 x 10-5 1201

132 1,6 x 10 -5 1321

154 1.6 x i0-5 1404

170 2.6 x 10-5 1504

188 1.2 x 10-5 1388

195 1.0 x 10 -6 1304

210 9.0 x 10 -6 1173
230 8.0 x 10 -6
245 1065

Power Off
280 5.6 x 10 -6 729

320 4.0 x 10 -6 470
4.0 x 10 -6

420 3.0 x 10 -6 358
-- 343

3.0 x 10-6
3-24-65 307

3-24-65 RT
RT

Hardness

Kg/mm 2

15oo(1)
1739(2)

1840

1802

1630

1630

1481

1481

1305

1402

1282

1239
1019

917

807

697

785

878

1121

1178

1218

1509

1568

1481

1538

1821(3)

1700(4)
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TABLE XXIV. (Cont' d)

(i) Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

1500 Kg/mm 2

(2)

(3)

(4)

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-
Second Hold.

2
1662 Kg/mm

2
1730 Kg/mm

1696 Kg/n_ 2

1840 Kg/mm 2

1766 Kg/mm 2

Average 1739 Kg/mm 2

Room Temperature Hardness of the Specimen, After the Test Cycle_ on the
Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006), a 150-Gram
Load and a 15-Second Hold.

Average

1802 Kg/mm 2

1840 Kg/mm 2

1821Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and
a !5-Second Hold.

1840 Kg/mm 2

1780 Kg/mm 2

1480 Kg/mm 2

Average 1700 Kg/mm 2
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Figure 49. Hardness of Carboloy 907 as a Function of
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TABLEXXV. HOTHARDNESSDATAFORCARBOLOy999

Test No./Run No. - 23/1

Date - April 16_ 1965

Indenter _ 136° Diamond Pyramid - #2006 (rickets)
Load - 150 Grams

Holding Time - 15 Seconds

Time

Vacuum Temp.
Minute.___s Torr

----.-__.__ o F

0 9.0 x 10 -6 RT

4 1.0 x 10 -5 59

15 3.0 x 10-5 105

24 6.5 x 10-5 250
31 352

9.0 x 10 -5
42 421

52 9.8 x 10-5 525
7.0 x 10 -5

67 3.5 x 10 -5 597
77 718

3.0 x 10-5

92 2.0 x 10 -5 812
i00 955

108 1.8 x 10 -5 1033

116 1.6 x 10 -5 1148

129 1.5 x 10 -5 1209

143 1.2 x 10-5 1304

160 1.4 x 10 -5 1404

172 2.0 x 10 -5 1535

180 1.0 x 10-5 1408

8.5 x 10-6 1304
191 7.0 x 10 -6

206 6.0 x 10 -6 1204
227 1035

5.0 x 10 -6
877

245 Power Off 4 5 x 10 -6
272 " 761

314 4.0 x 10 -6 618

363 3.0 x 10 -6 478

495 3.0 x 10 -6 400

645 250

4-17-65 5.0 x 10 -3 150
4-17-65 RT

RT

Hardness

Kg/mm 2

2o85(i)
2617(2)

2141

2293

1802

2094

1730

1840

1663

1481

1402

1402

1239

1121

1085

1068

917

904

1103

1178

1305

1509

1802

1802

2004

2004

1961

2347

2320(3)

2447(4)
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TABLE XXV. (Cont 'd)

(i)

(2)

C3)

(4)

Average

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

2
2031Kg/mm

1965 Kg/mm 2

2258 Kg/mm 2

2085 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and 15-Second

Hold.

3097 Kg/mm 2

2462 Kg/mm 2
2

2293 Kg/mm

Average 2617 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the
Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram

Load and a 15-Second Hold.

2293 Kg/mm 2

2347 Kg/mm 2

Average 2320 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on a
Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and a

15-Second Hold.

2040 Kg/mm 2

2650 Kg/mm 2

2650 Kg/mm 2

2
Average 2447 Kg/mm
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TABLEXXVI. HOTHARDNESSDATAFORTiB2

SpecimenIdentity _ MCNI048-D-2
Test No./Run No. - 26/1

Date - April 20_ 1965

Indenter _ 136° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time
Vacuum

_ Temp.
Minutes Tor__.___r oF

RT
0 9.6 x 10 -6 RT

21 4.0 x 10-5 307

38 9.5 x 10-5 500

47 7.5 x 10 -5 565

52 5.6 x 10 -5 600

66 3.0 x 10 -5 708

80 2.0 x 10-5 799

91 1.8 x 10-5 900

104 1.2 x 10-5 1050

llO 1.0 x 10 -5 1100

119 1.0 x 10-5 1210

126 1.0 x 10 -5 1307

139 1.0 x 10-5 1375
151 1.2 x 10 -5

1500
161 2.4 x 10 -5 1600

172 1.0 x 10-5 1434

180 8.0 x 10 .6 1400

198 6.0 x 10-6 1237

201 5.5 x 10 -6 1087

210 5.0 x 10-6 987

226 Power Off 4.5 x 10 -6 851

240 4.0 x 10 -6 758

260 3.5 x 10 -6 641
287 3.0 x 10 -6
319 533

374 2.5 x 10-6 452
2.0 x i0-6

420 345
2.0 x 10 -6

4-21-65 292

RT

Hardness

_ Kg/mm 2

3210(1)

3241(2)

3183

2650(3)

1840(3)

1538(3)
1630(3)

1803

1305(3)

973

1085

890

904

973

917

lO19

931

1068

1599

1305

1282

1103(3)

2190

1481

2004

1428

3364(3)

2293

2360(4)
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TABLE XXVI. (Cont'd)

(i)

(2)

(3)

(4)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and 15-Second Hold.

2940 Kg/mm 2

3120 Kg/mm 2

3570 Kg/mm 2

Average 3210 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-
Second Hold.

3562 Kg/mm 2

3893 Kg/mm 2

3668 Kg/mm 2

1840 Kg/mm 2

Average 3241Kg/mm 2

Smn]] Cvneb_ w_ Observed Around Hardness Impression.

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on a

Kentron Tester Using a Vickers Diamond Pyramid_ a !50-Gram Load and a
15-Second Hold.

2450 Kg/mm 2

2400 Kg/mm 2

2230 Kg/mm 2

Average 2360 Kg/mm 2
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obtained with the 100-gram load and_ therefore_ no comparison in hardness could
be madebetween the two test loads. For similar reasons no comparison in hard-
ness could be madefor the Lucalox or the TiC+lO%Momaterials as a function of
test load. The data obtained for these materials with a 150-gram load are pre-
sented in Tables XXVII and XXVIII and Figures 52 and 53.

The hardness data for the Zircoa 1027 material under the 150-gram load_

Table XXIX_ Figure 54_ indicated a slightly higher overall hardness level than

that obtained under the 100-gram load and a similar lower hardness on the cooling

cycle. The latter may be associated with the transformation of the monoclinic

structure.

The K601 material showed slightly less scatter and a similar hardness level

as that obtained in the initial test at the lighter load_ Table XXX and Figure

55.

The hardness of the TiC+5%W material is shown in Table XXXI and Figure 56_

and is approximately the same level as that produced by the 100-gram load. As

in the case of the TiC material_ cracking was observed around the room tempera-

ture impressions.

A slightly lower hardness was exhibited by the TiC+I0%Cb material at the

higher testing load_ Table XXXII_ Figure 57. This was especially evident in

the 1200 ° to 1600°F range. Again_ as with the TiC and TiC+5%W materials crack-

ing was evident in the room temperature impressions. It should be noted that

nc craching was obs_zved a_u._d th_ _um Lemp_'_io..r_ impr_sions maoe in rne 'rx_+

lO%Mo material.

Considerably less scatter in the hardness data was obtaincd on the same

specimen of Grade 7178 material using the 150-gram load as was obtained with

the lO0-gram load_ Table XXXIII and Figure 58.

The scatter in the hardness data for the Star J alloy_ presented in Table

XXXIV and Figure 59_ is due to the existance of a multiphase structure of vary-

ing hardnesses and the inability to pre-select the location of each hardness

impression. Post-test examination of the impressions at a magnification of

370X revealed that only one impression was completely within the carbide phase;

the other impressions either were entirely within the matrix phase or were

partially within two or more phases. Although the data suggest a possible soften-

ing trend above 1200°F_ i.e._ change in slope of the hardness curve_ additional

data points are required to conclusively establish this fact. A change in slope

of the hardness curve was not observed in the data obtained with a 100-gram load 2

and from a knowledge of the composition_ a sharp break in the hardness curve at

1200°F would not be expected with this alloy.

A summary of the hardness values for each material at temperatures of 400°_

800°_ 1200 ° and 1600°F_ obtained under the 100-gram and 150-gram testing loads_

is presented in Table XXXV.

C. Compression

Room temperature compression tests have been completed on duplicate speci-

mens of thirteen candidate bearing materials. Depending on the type of material

that was being tested_ a strain rate of 0.005 inch/inch/minute was maintained
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TABLE XXVII. HOT HARDNESS DATA FOR LUCALOX

Specimen Identity _ MCN I039-D-2

Test No./Run No. - 28/1

Date - April 22_ 1965

Indenter - 136° Diamond Pyramid - #2006 (Vickers)
Load - 150 Grams

Holding Time - 15 Seconds

Time
Vacuum

Minutes Tort Temp.
-- oF

0 8.0 x 10 -6 RT

4 9.8 x 10 -6 RT

I0 1.8 x 10-5 114

20 4.0 x 10-5 200

26 8.6 x 10 -5 316

36 1.2 x 10 -4 405

48 7.0 x 10-5 509
602

66 3.0 x 10-5 720
78 2.2 x 10-5

88 2.0 x 10 -5 819
925

99 1.4 x 10 -5 1037
107 1.2 x 10-5

1106
117 1.0 x 10 -5
126 1204

1.0 x 10-5 1307

141 1.0 x 10-5 1400
152 1.2 x 10 -5

1484
168 2.2 x 10 -5

1600
177 1.0 x 10 -5

187 8.0 x 10 -6 1484
1362

195 7.0 x 10 -6
200 1265

210 6.5 x 10 -6 1190

6.0 x 10 -6 1055
221 Power Off 5.0 x i0-6
248 943

4.0 x 10-6
733

277 3 4 x 10 -6
305 ' 581

354 3.0 x 10-6 490
2.0 x 10 -6

390 2.0 x 10-6 380
4-23-65 323

-- RT

RT

Hardness

Kg/mm 2

2140(1)

2573(2)

2585

3015

2788

2585

2048

1879

2004

1630

1305

1305(3)

1328(3)

1178(3)
1282(3)

988

973

744(3)

917(3)

io85(3)
1019(3)

1019(3)

1376

1376(3)

1481(3)

1802(3)

1879

2861

3015

3099(4)

2340(5)
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TABLE XXVll. (Cont'd)

(i)

(2)

(3)

(4)

(5)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

2175 Kg/mm 2

2175 Kg/mm 2

2070 Kg/mm 2

Average 2140 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006), a 150-Gram Load and a 15-

Second Hold.

2141Kg/mm 2

2718 Kg/mm 2

2861Kg/mm 2

Average 2573 Kg/mm 2

Small Cracks were Observed Around Hardness Impressions.

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram

Load and 15-Second Hold.

3015 Kg/mm 2

3015 Kg/mm 2

3183 Kg/mm 2

Average 3099 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on

a Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load

and a 15-Second Hold.

2350 Kg/mm 2

2350 Kg/mm 2

2320 Kg/mm 2

Average 2340 Kg/mm 2
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TABLE XXVIII. HOT HARDNESS DATA FOR TiC+lO%Mo

Specimen Identity - MCN I044-D-3

Test No./Run No. - 27/1

Date - April 21_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr °F

.... RT

0 9.5 x 10 -6 RT

4 1.0 x 10 -6 123

ii 2.0 x 10 -5 200

18 3.5 x 10 -5 300

30 8.0 x lO -5 424

39 9.0 x 10 -5 500

53 5.5 x 10 -5 602

67 3.0 x 10 -5 700

82 _ N Y 1n-5 812

90 2.0 x 10 -5 906

-- 1.0 x I0-5 i010

105 1.0 x 10 -5 ii00

117 1.0 x 10 -5 1209

128 9.5 x 10 -6 1307

139 1.0 x 10 -5 1399

155 1.0 x 10 -5 1500

165 2.0 x 10 -5 1600

175 i.0 x 10 -5 1500

185 7.5 x 10 -6 1350

193 6.0 x 10 -6 1250

209 5.0 x 10 -6 1143

218 5.0 x 10 -6 1050

225 Power Off 5.0 x 10 -6 950

240 4.0 x 10 -6 830

265 3.5 x 10 -6 710

279 3.0 x 10 -6 594

363 2.0 x 10 -6 380

410 2.0 x 10 -6 315

542 -- 200

.... RT

.... RT

Hardness

Kg/mm 2

2512(1, 2)

4239(2_3)

3778

4014( 2 )

3893

3562( 2 )

3461 (2)

2650

2141

I _OA

1568

1376

1178

1068

1019

944

917

865

904

988

1004

1121

1158

1305

1696

1961

2404

3015

3272

3183

3413(4)

2857( 5 )
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TABLE XXVIII. (Cont'd)

(i)

(2)

(3)

(4)

(5)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and 15-Second Hold.

2430 Kg/mm 2

2475 Kg/mm 2

2730 Kg/mm 2

Average 2512 Kg/mm 2

Small Cracks were Observed Around Hardness Impressions.

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and 15-Second

Hold.

4412 Kg/mm 2

4412 Kg/mm 2

3893 Kg/mm 2

Average 4239 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006), a 150 Gram-

Load_ and a 15-Second Hold.

3097 Kg/mm 2

3778 Kg/mm 2

3364 Kg/mm 2

Average 3413 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on

a Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load

and a 15-Second Hold.

2870 Kg/mm 2

2940 Kg/mm 2

2760 Kg/mm 2

Average 2857 Kg/mm 2
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TABLE XXIX.

HOT HARDNESS DATA FOR ZIRCOA 1027

Test No./Run No. - 29/1

Date - April 23j 1965

Indenter _ 136° Diamond Pyramid - #2006 (Vickers)
Load - 150 Gram

Holding Time -
15 Seconds

Time

Vacuum Temp.
Minute__s Tor_r OF

m_

i.

Hardness

Kg/mm2

1155(1)

1328(2)

1402

1568

1305

1352

1305

1068

1019

853

959

807

623

679

6O8

433

465

470

465

567

541

774

754

0 9.0 x 10 -6 RT

3 1.0 x 10 -5 RT

10 2.0 x 10-5 103

18 4.0 x 10 -5 201

28 9.0 x 10 -5 306

40 1.4 x i0-4 420

51 8.0 x 10-5 533

66 3.0 x 10 -5 604

81 2.0 x 10 -5 708

90 1.8 x 10 -5 833

ii0 1.0 x 10-5 930

123 1.0 x 10 -5 1106

132 1.0 x 10 -5 1220
1316

141 1.0 x 10 -5
149 1400

164 1.2 x 10-5 1500
2.4 x 10-5

170 1.2 x 10 -5 1600
178 1500

8.0 x 10-6

185 7.0 x 10 -6 1392
197 1300

6.0 x 10-6
208 1153

220 5.0 X 10-6 1022
4.5 x 10 -6

239 Power Off 4.0 x 10 -6 900
254 791

3.5 x 10-6 890
699 1019

Test Terminated Due to Fracture of Positioning Rod
--m

-_ RT 1157(3 )

RT 1233(4 )
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(1)

TABLE XXlX. (Cont'd)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

1188 Kg/mm 2

1073 Kg/mm 2

1205 Kg/mm 2

Average 1155 Kg/mm 2

(2) Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-

Second Hold.

Average

1103 Kg/mm 2

1454 Kg/mm 2

2
1428 Kg/mm

1328 Kg/mm 2

(3)

(4)

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on

the Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a

150-Gram Load and a 15-Second Hold.

1178 Kg/mm 2

1178 Kg/mm 2

1198 Kg/mm 2

1178 Kg/mm 2

1052 Kg/mm 2

Average 1157 Kg/mm 2

Room Temperature Hardness of the Specimen After the Test Cycle_ on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and

a 15-Second Hold.

Average

1170 Kg/mm 2

1320 Kg/mm 2

1210 Kg/mm 2

1233 Kg/mm 2
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TABLE XXX. HOT HARDNESS DATA FOR K-601

Test No./Run No. - 25/1

Date - April 19_ 1965

Indenter _ 136° Diamond Pyramid - #2006 (Vickers)
Load - 150 Grams

Holding Time - 15 Seconds

Time
Vacuum

Temp.
Minutes Tor_____r oF

0 RT

RT
4 9.0 x 10-6 117

ii 3.0 x l0 -5 214

21 4.5 x 10 -5 325

32 9.5 x l0-5 441

43 1.3 x 10 -4 525

53 7.5 x 10 -5 604

67 4.5 x 10-5 716
82 3.0 x 10-5 _n
90 2.5 x 10-5

930
109 1.8 x 10 -5 1105

122 1.2 x 10 -5 1216

132 1.2 x 10-5 1400

145 1.2 x 10-5 1484

160 1.6 x 10-5 1600

178 9.0 x i0-6 1484

193 7.0 x l0 -6 1342

201 6.5 x l0-6 1282
207 6.5 x lO -6

1078
215 5.5 x i0-6 984

225 Power Off 5.0 x lO-6 900

243 4.5 x i0 -6 765
265 4.0 x 10-6

649
285 3.0 x i0 -6 553

335 2.5 x i0-6 427

390 2.2 x 10 -6 343

520 1.0 x i0-6 222
578 2.0 x i0 -6

7-20-65 181
-- RT

RT

Ha rdne_ s
Kg/mm

2344(1)

1958(2)

2094

2293

1802

2094

2048

1599

1730

1279

1599

1509

1282

1328

1239

1239

ll21

1239

1328

1454

1538

1599

1599

1663

1879

2004

1961

1766

1961

2158(3)

1983(4)
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TABLE XXX. (Cont'd)

(i)

(2)

(3)

(4)

Average

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and 15-Second Hold.

2475 Kg/mm 2

2340 Kg/mm 2

2217 Kg/mm 2

2344 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-Second

Hold.

1724 Kg/mm 2

1724 Kg/mm 2

2141Kg/mm 2

Average 1958 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram

Load and a 15-Second Hold.

1961Kg/mm 2

2094 Kg/mm 2

2190 Kg/mm 2

2190 Kg/mm 2

Average 2158 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle, on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and a

15-Second Hold.

2040 Kg/mm 2

2040 Kg/mm 2

1870 Kg/mm 2

Average 1983 Kg/mm 2
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TABLEXXXI. HOT HARDNESS DATA FOR TiC+5%W

Specimen Identity - MCN I043-D-3

Test No./Run No. - 21/1

Date - April 14_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Tort °F

.... RT

0 6.0 x 10 -6 RT

4 6.0 x 10 -6 117

13 1.8 x 10 -5 207

23 3.5 x 10 -5 303

34 8.0 x 10-5 406

44 9.0 x 10 -5 503

60 6.0 x l0 -5 633

71 4.0 x 10 -5 706

83 3.5 x 10 -5 801

94 3.5 x 10 -5 948

i00 3.0 x 10 -5 1022

i17 1.8 x 10 -5 1133

123 1.5 x 10 -5 1218

132 1.8 x 10 -5 1304

158 -- 1404

178 2.2 x 10 -5 1511

191 1.0 x 10 -5 1396

199 8.0 x 10 -6 1304

201 8.8 x 10 -6 1204

227 Power Off 7.8 x 10 -6 947

243 6.5 x 10 -6 800

270 5.0 x 10 -6 653

320 4.0 x 10 -6 478

382 3.5 x 10 -6 361

500 3.0 x 10 -6 230

.... RT

.... RT

Hardness

Kg/mm 2

2418( 1 )

2129(2_3)

2293

2048(3)

2190

1802

1840

1481

1730

988(3)

1198

1068

1352

853

853

853

853

8O7

807

818

1019

I158

1662

1481

1599

2141

2083(3_ 4)

2277 (5)
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TABLEXXXI. (Cont 'd)

(1)

(2)

(3)

(4)

(5)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

2447 Kg/mm 2

2313 Kg/_m 2

2495 Kg/mm 2

Average 2418 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-

Second Hold.

2004 Kg/mm 2

2048 Kg/mm 2

2462 Kg/mm 2

2004 Kg/mm 2

Average 2129 Kg/mm 2

Small Cracks were Observed Around Hardness Impression.

Room Temperature Hardness of the Specimen_ After the Test Cycle, on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram

Load and a 15-Second Hold.

2094 Kg/mm 2

2347 Kg/mm 2

1961 Kg/mm 2

2094 Kg/mm 2

1919 Kg/mm 2

Average 2083 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and

15-Second Hold.

Average

2450 Kg/mm 2

2190 Kg/mm 2

2190 Kg/mm 2

2277 Kg/mm 2
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TABLEXXXII.
HOTHARDNESSDATAFORTiC+IO%Cb

Test No./Run No. - 20/1

Date - March 24_ 1965

Indenter - 136° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Tort oF

RT
0 2.0 x 10, 5 RT

5 9.0 x 10 -6 122

17 2.8 x 10-5 238

22 3.0 x 10 -5 323

31 8.0 x 10 -5 412

40 9.6 x 10 -5 505

55 5.8 x 10-5 600

80 5.0 x 10 -5 760

85 2.0 x 10-0 831

96 2.0 x 10 -5 966

101 2.0 x 10-5 1021

109 i.0 x 10-5 iiii

122 1.0 x 10 -5 1207

126 1.2 x 10 -5 1262

136 1.2 x 10-5 1321

146 1.6 x 10 -5 1421

160 1.6 x 10 -5 1511

178 9.6 x 10 -6 1330

199 7.4 x 10 -6 1290

205 6.8 x 10 -6 1134

237 5.2 x 10 -6 941

253 Power Off 4.8 x 10 -6 810

271 4.5 x 10 -6 666

312 3.4 x 10-6 529
360 2.4 x 10 -6

3-25-65 410

-_ -- RT

-- RT

Hardness

_fig/nL,n2

2597(1)

2882(2)

2585

2650

2094

2190

2048

1879

1402

1139

1004

89O

796

734

715

7O6

6O8

567

89O

734

878

1158

1427

1730

1730

1961

2533(3)

2327(4)
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TABLE XXXII. (Cont' d)

(1)

(2)

(3)

(4)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid_ a 150-Gram Load and a 15-Second Hold.

2700 Kg/mm 2

2495 Kg/mm 2

2597 Kg/mm 2

Average 2597 Kg/nun 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vicker Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-Second

Hold.

3097 Kg/mm 2

3461Kg/mm 2

2
2347 Kg/mm

2
2788 Kg/mm

2718 Kg/mm 2

Average 2882 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the
Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006), a 150-Gram

Load and a 15-Second Hold.

2462 Kg/mm 2

2347 Kg/nun 2

2141Kg/mm 2

3182 Kg/mm 2

Average 2533 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and a

15-Second Hold.

2270 Kg/mm 2

2
2260 Kg/mm

2450 Kg/nun 2

Average 2327 Kg/mm 2
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TABLE XXXIII. HOT HARDNESS DATA FOR GRADE 7178

Test No./Run No. - 7/2

Date - June 17_ 1965

Indenter - 1360 Diamond Pyramid - #2006 (Vickers)
Load - 150 Grams

Holding Time
- 15 Seconds

Time
Vacuum

Minutes Tor__._._r oF Hardness
_ _ Temp.

__ ------_ _ Kg/_2

0
8.0 x 10 .6 RT 2850(1 )

5 RT
3.0 x 10-5 2380(2)

17 i00
4.2 x 10-5 2720

25 207
8.4 x I0 -5 2790

32 306
9.6 x 10 -5 252038
9.6 x 10 -5 420 2460

46 505
8.0 x 10-5 240057
5.4 x 10 -5 600 2350

77 3.0 x 10-5 693 2090

836 2140
90 2.0 x 10 -5 907 2090

109 1.6 x 10-5 1012 1920

133 1.6 x 10-5 1190 2090

152 1.8 x 10 .5 1316 1600
171 1.4 x i0 "5 1384
180 1.6 x 10 .5 1510
192 1517

1430
2.0 x 10 -5 1600 1430

193 2.0 x 10-5 1600
206 1.0 x i0-5 1330

1484 1450266 Power Off 5.0 x 10 -6 979
335 2.5 x 10 .6 2090
387 535

2290
2.5 x 10 .6 400 2400

408 2.5 x i0 -6 358
430 2 5 x 10 -6 2787
467 " 319

6-18-65 2.0 x 10 .6 275 2400
-- 2350

RT 2830(3)
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(Cont , d)

(I) Room Temperature Hardness of the Specimen on a Kentron Tester Using a
Vickers Diamond PYramid_ a 150-Gram Load and 15-Second Hold.

2940 Kg/n_.2

2940 Kg/mm 2

2520 Kg/mm 2

3000 Kg/mm 2
Average

2850 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram Load and a 15-

Second Hold.

2460 Kg/mm 2

2290 Kg/mm2

2190 Kg/mm 2

2650 Kg/rmn2

Average
2380 i(g/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond PYramid (#2006), a 150-Gram
Load and a 15-Second Hold.

(2)

(3)

Average

2580 Kg/mm2

2790 Kg/mm 2

2940 Kg/mm 2

301..,,..._0Kg/mm 2

2830 Kg/mm 2
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TABLE XXXIV. HOT HARDNESS DATA FOR STAR J

Specimen Identity - MCN 1047-D-2

Condition - As-Cast

Test No./Run No. - 22/1

Date - April 15_ 1965

Indenter - 136 ° Diamond Pyramid - #2006 (Vickers)

Load - 150 Grams

Holding Time - 15 Seconds

Time Vacuum Temp.

Minutes Torr °F

.... RT
0 8.0 x 10 -6 RT

4 1.4 x 10 -5 122

12 2.0 x 10 -5 200

24 4.0 x 10 -5 306
35 7.0 x 10 -5 ala

45 8.4 x 10 -5 499

59 5.4 x 10 -5 601

71 3.6 x 10 -5 710

85 2.5 x 10 -5 856

90 2.4 x 10 -5 910

I00 1.8 x 10 -5 1035

ii0 1.4 x 10 -5 1139

120 1.2 x 10 -5 1225

132 1.0 x 10 -5 1313

156 1.0 x 10 -5 1388

170 -- 1504

203 7.0 x 10 -6 1204

210 6.0 x 10 -6 1100

223 5.0 x 10 -6 979

240 Power Off 4.0 x 10 -6 851

252 4.0 x 10 -6 771

267 4.0 x 10 -6 685

286 3.5 x 10 -6 595

321 3.0 x 10 -6 490

364 2.5 x 10 -6 367

.... 250

4-16-65 -- RT

.... RT

Hardness

Kg/mm 2

775 (1)

934 (2)

785

944

93O
_AA

853

744

796

724

764

774

1376

841

706

6O8

396

535

594

764

646

89O

764

724

638

630

973
937(3)

794 (4)
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TABLE XXXIV. (Cont' d)

(i)

(2)

(3)

(4)

Room Temperature Hardness of the Specimen on a Kentron Tester Using a

Vickers Diamond Pyramid, a 150-Gram Load and a 15-Second Hold.

808 Kg/mm 2

718 Kg/mm 2

799 Kg/mm 2

Average 775 Kg/mm 2

Room Temperature Hardness of the Specimen on the Hot Hardness Tester

Using a Vickers Diamond Pyramid (#2006), a l$0-Gram Load and a 15-

Second Hold.

Average

818 Kg/mm 2

917 Kg/mm 2

1068 Kg/mm 2

934 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle_ on the

Hot Hardness Tester Using a Vickers Diamond Pyramid (#2006)_ a 150-Gram

Load and a 15-Second Hold.

959 Kg/mm 2

818 Kg/mm 2

1035 Kg/mm 2

Average 937 Kg/mm 2

Room Temperature Hardness of the Specimen_ After the Test Cycle, on a

Kentron Tester Using a Vickers Diamond Pyramid_ a 150-Gram Load and a
1S-Second Hold.

836 Kg/mm 2

765 Kg/mm 2

782 Kg/mm 2

Average 794 Kg/mm 2
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through the 0.2% offset or until material fracture occurred. No attempt was made

to control the strain rate beyond the 0.2% offset due to the difficulty in apply-

ing the load at a uniform rate as the specimen deformed plastically. The valve

setting on the testing machine to achieve the 0.005 inch/inch/minute strain rate

in the elastic region was left unchanged for the duration of the test. Further

details of the testing procedures and calibration methods used for the LVDT/

extensometer system and load cell are described in quarterly progress report

No. 72 . Initially_ both the load cell and the extensometer system were cali-

brated after every test. However_ after numerous tests_ it was found that the

accuracy of the load and strain measurements was not impaired by the shock

imparted to the load train upon fracture of the specimens and the recalibration

was not necessary after every test. Subsequently_ the load cell and the ex-

tensometer system were calibrated at the start of each testing day.

The data obtained are reported in Table XXXVI. From the data_ it can

be seen that the Carboloy 907_ Carboloy 999 and Grade 7178 specimens did not

fracture at the ll5_O00-pound load limit of the Baldwin testing machine. In

the case of the Carboloy 907 material_ a ll5_O00-pound load imposed an average

stress of 607_500 psi on the test specimens. Possible additional testing of

these materials at room temperature utilizing equipment of greater capacity

will be delayed until the completion of the elevated temperature tests. Be-

cause of their good ductility_ the Mo-TZM alloy specimens did not fracture in

compression and the tests were terminated at a total strain of 5%.

ExaminatiDn of the load-strain curves revealed the existence of an elastic

limit for Carboloy 907_ Carboloy 999 and Zircoa 1027 in addition to the metallic

materials Mo-TZM alloy_ tungsten and Star J alloy. Deviation from elastic be-

havior of the Carboloy and Zircoa 1027 materials is associated with grain boundary

slip due to the presence of cobalt in the grain boundaries in the case of the

Carboloy materials and weaker secondary phases_ formed by the presence of sta-

bilizing elements_ in the case of the Zircoa 1027 material. Load-strain curves

for Carboloy 907 and Zircoa 1027 are shown in Figures 60 and 61. Figure 62

illustrates the low elastic limit of Star J alloy with respect to the relatively

high ultimate strength.

The TiB2_ TiC and the refractory metal bonded TiC materials all exhibited

elastic behavior until fracture as exemplified by the load-strain curve for

TiC in Figure 63. However_ initial fracture occurred at a load below the ulti-

mate strength for both specimens of TiB2 and in one specimen of TiC+lOT_b and

TiC+5%W as illustrated in the load-strain curve for TiC+10_b_ Figure 64.

Photographs of the tested specimens are shown in Figures 64 thru 74.

The values for the modulus of elasticity reported for the materials in Table

XXXVI were calculated from the stress-strain relationship measured in the com-

pression tests using an estimated effective gauge length. As discussed previously2_

it will be necessary to verify the assumptions used in estimating the effective

gauge length of the specimens by measuring the actual strain that occurs in a

specimen during testing by means of strain gauges attached to the specimen. For

this purpose_ four strain gauges (Type _C6121) have been attached to a Mo-TZM

alloy specimen in the center of the reduced section at 90 ° intervals_ two parallel
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Figure 60. Room Temperature Load-Strain Curve for Carboloy 907 in Compression.
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Figure  66.  Photograph of Room Tempera 
Arc Cast Tungsten Af te r  Te 
Right ,  Specimen MCN 1038-G 

t u r e  
s t .  
.-3 ( 

Compress ion  Specimens of Una1 l o  yed 
L e f t ,  Specimen MCN 1038-G-2 (C65052940) ; 

C65052939). 
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Figure  67. Photograph of Room Temperature Compression Specimens of L U C a l O X  

Af t e r  Tes t .  L e f t ,  Specimen MCN 1039-G-1 (C65052925); Right ,  
Specimen MCN 1039-G-3 (C65052926). 
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F i g u r e  68. Photograph of Room Temperature Compression Specimens of Zircoa 
1027 A f t e r  T e s t .  L e f t ,  Specimen MCN 1040-G-1 (C65052927); Right ,  
Specimen MCN 1040-G-5 (C65062928). 
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Figure 69. Photograph of Room Temperature Compression Specimens of Tic After 
Test. Left , Specimen MCN 1042-G-5 ((265062950) ; Right, Specimen 
MCN 1042-G-6 (C65052949). 
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F i g u r e  70. Photograph oe' Room Temperature Compression Specimens of TiC+5%W 
A f t e r  T e s t .  L e f t ,  Specimen MCN 1043-G-8 (C65062943); Right,  
Specimen MCN 1043-G-9 (C65062951). 
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Figure 71. Photograph of Room Temperature Compression Specimens of TiC+10%Mo

After Test, Left 3 Specimen MCN 1044-G-5 (C65062942); Right, Speci-

men MCN 1044-G-6 (C65062948).
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F i g u r e  72. Photograph of Room Temperature Compression Specimens of TiC+lOyEb 
A f t e r  T e s t .  Le f t ,  Specimen MCN 1045-G-8 (C65062947); Right ,  Speci-  
men MCN 1045-G-9 (C65062946). 
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Figure 73. Photograph of Room Tempera 
Alloy After T e s t .  Left ,  S 
Specimen MCN 1047-G-8 (C65 
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F i g u r e  74. Photograph of Room Temperature Compression Specimens of TiB2 
A f t e r  T e s t .  L e f t y  Specimen MCN 1048-G-3 (C65062945) ; Right 
Specimen MCN 1048-G-10 (C65062941). 
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and two perpendicular to the long axis of the specimen. The data evolved from

testing this specimen is expected to provide a correction factor to be used

in determining the effective gauge length of all the compression test speci-

mens. Corrected values for the moduli of elasticity presented in Table XXXVI

will be reported in the next progress report.
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VI. FUTUREPLANS

The summary which follows enumerates the steps to be pursued during the

succeeding quarter to implement this study.

1. Procurement of all friction and wear test specimens will be

completed.

2. Evaluation of the corrosion test specimens which were exposed to

potassium for 1_000 hours at 1600°F will be completed and the

evaluation of those specimens tested at 1200°F and 800°F will

continue.

3f The isothermal corrosion testing of selected pairs of candidate

bearing materials will be initiated at 800 ° , 1200 ° and 1600°F.

4. Friction and wear tests under high vacuum will be initiated.

5. The installation of the liquid potassium friction and wear test

facility will be completed. Checkout teStS of the tester will
continue.

6. Assembly of the potassium wetting apparatus will be completed
znd the .!!t_m_÷_ _,Ae,,um canabilitv will be determined.

Potassium will be introduced into the potassium reservoir in

_ +n n_ne_ed with wettin_ measurements.
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APPENDIXA

VERTICAL AND VECTOR TARE TEST PL__N FOR HIGH VACUUM

FRICTION TESTER AND POTASSIUM FRICTION TESTER LOADING ARMS
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(vertical

only)

(vector

only)

(vector

only)

ii

2.

38

4a

4b

APPENDIX A

VERTICAL AND VECTOR TARE TEST PLAN FOR HIGH VACUUM

FRICTION TESTER AND POTASSIUM FRICTION TESTER LOADING ARMS

5.

6o

7.

8.

Assemble and lock the arm-stop mechanism in the HVFT with the stop

centered inside pad No. 1.

Carefully weigh and record the weights of the force pickup connector

(with set-screw and nut)_ exterior tray (with hooks_ screws_ etc.)_

inner button_ eye_ and inner tray.

Assemble loading arms No. l_ 2_ 5_ and 6 in the "tare test position"

- force pickup connector and loading arm rotated 180 ° - and loading

arms No. 3 and 4 in the "specimen test position". Lubricate all

bearings with a suspension of 10% (by vol.) of MoS 2 (Molykote Type Z_

The Alpha Corp._ Greenwich_ Conn.) in 90% (by vol.) Velocite #3

Spindle oil (Mobil Oil Co.). Shake well. Blow lubricant into

bearings with pressurized air. Wipe off excess lubricant and clean

the arm assembly with acetone and alcohol. Be sure the vacuum

flange and interior portion of the loading arms are masked-off so

that they do not come in contact with the lubricant.

Clean the inside of the IIVFT vacuum facility and the inner weight

tray with acetone and alcohol. Set the tray inside the facility.

_lean _ne insioe oz _ne nw1 w_n acetone anu a_cono±_ InCIUUiIlg bil_

arm holes and arm pads.

Secure the special nylon bearing to the heat shield support in the

proper position_ using an inspection table and vernier height gauge.

Clean the heat shield and the inside of the HVFT vacuum facility

with acetone and alcohol and place the heat shield inside the facil-

ity_ aligning the proper reference marks and tapping securely into

place.

Measure and record the height of the bottom of the bearing groove

above the facility flange. Log all other measurements which define

the relative locations of the bearing groove and the loading arm.

Clean and place a 1/4 inch diameter rubber O-ring on the facility

flange.

Carefully set the HVFT on the facility flange with O-ring in place.

Clean three loading arm-hole blankoff flanges_ the viewing port and

four copper gaskets with acetone and alcohol and secure them to the

HVFT.
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9.

10.

11.

12.

15.

16.

17.

(vert±cal 18.

only)

(vertical 19.

only)

Clean a copper gasket with acetone and alcohol and place on the

loading arm to be tested.

Place the adaptor through the 1/8 inch diameter hole at the end of

the loading arm.

Place the loading arm on the #1 pad and secure with the three support

screws. The loading arm should be secured to the support with the

locking sleeve and care should be taken to hold the support so that

neither the sides of the loading arm hole nor the loading arm-stop

are allowed to bend the arm. Tighten all three screws finger-tight
before tightening with a wrench.

Secure the loading arm flange with four screws. If the screws will'

not assemble into the pad holes without rotation of the bellows_

loosen the support screws and obtain a new position which does not
require rotation.

Connect the force pickup cable and turn on the Sanborn recorder.

Draw a sketch of the assembly showing all components used_ their

weights and their moment arms. Record presence or absence of loading

arm thermocouples.

With jo-blocks and a micrometer_ measure the height of the loading

arm centerline above the support on each side of the force pickup

sleeve (support sleeve centering arm).

With jo-blocks and a micrometer_ set the center-lines of the protru-
sion at each end of the force pickup the same height above the support
as the loading arm center-line.

With the support sleeve still centering the loading arm: secure the

nuts at each end of the force pickup and the force pickup height

adjusting screws to a position which centers the force pickup verti-

cally on the same center line as the loading arm and horizontally to

a zero force reading on the force pickup. Use a jo-block to align

the eye of the force pickup connector perpendicular to the support

surface before the final adjustments are made and assure that the set

screw hole in the force pickup sleeve was centered on the mark on the

arm which is 5.625 inches from the gimbal center-line. Secure the

set screw. Remove all jo-blocks.

Remove the support centering sleeve and electrically adjust the Sanborn
force pickup trace to chart zero.

Clamp the second nylon bearing to the loading arm support_ aligning the

bottom of the bearing groove with the center-line of the set screw hole

in the force pickup connector. Attach the eye to the set screw. Run a

wire through the eye and bearing groove and attach the outer weight tray.
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(vertical
only)

(vertical

only)

(vector

only)

(Vector

only)

20.

21a

21b

22a

22b

27.

30.

31.

Apply loads of 1-10 lb. and record on the Sanborn recorder, then
remove the eye, bearing_ etc.

Raise the HVFT and attach the eye loosely to the button at the end

of the loading arm. Attach the weight tray to the eye and place a

dead weight Wi (20-1b. maximum) in the center of the tray. Stop

all swingiug of the tray. The support sleeve should be centering
the outer end of the arm.

Raise the HVFT and attach the eye (with wire and hook) loosely to

the adaptor at the end of the loading arm. Lower the HVFT and hold

the wire in the bearing groove. Set weight VWi in the hook.

Lower the HVFT onto the facility flange O-ring and secure with at

least four equally-spaced bolts tightened to approximately 50 it-lb.

Record the gap between the bottom of the HVFT flange and the top of
the facility flange at each bolt location.

Impose the pressure at which the arm is to be calibrated.

Set the dial indicator on the arm at 2.375 inches out from the

gimbal center-line.

Complete the arm sketch previously started.

Remove the support centering sleeve and apply loads in the outer

weight tray until the balance point is found within 2 oz. With this

information a piece _ 0.07 inch division graph paper can be labelled:

vertical axis - three zones 0 to - 0;008 inch armdeflection, each

labelled for a different pressure; horizontal axis - balance weight

minus 10 oz. to plus 10 oz. Record also: inner weight, Wi, arm

number, date, and test personnel.

Load the weight tray with the balance weight minus 10 oz. Tap top

of facility until deflection reading stabilizes. Set the zero point

of the dial indicator under the pointer. Plot zero deflection at

this weight (use 0 symbol).

Add four ounces, tap until reading stabilizes, and plot.

Repeat step 28 until a line with definitely decreased slope is estab-

lished (four points minimum).

Dr_w two straight lines through the data points and log the weight at

which they intersect.

Load the weight tray with balance weight minus 9 oz. (to nearest whole

ounce), tap, and plot deflection with + symbol. Repeat steps 28 - 30

and log intersection weights.
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(vector

only)

32.

33.

34.

35.

36.

37.

Load the weight tray with balance weight minus 8 oz. (to nearest

whQle ounce), tap, and plot deflection with _ symbol. Repeat steps
28 - 30 and log intersection weights.

If the spread of intersection weights exceed 0.5 oz., take further

readings until the spread is narrowed and the erroneous readings
can be identified and discarded.

Compute the average intersection weight and apply to the weight tray

(within nearest 1/16 oz.). Record force pickup reading on Sanborn
recorder.

Without unbolting the HVFT from the facility or the arms from the

pads, change to the next pressure(s) and repeat steps 27 - 34.

Without unbolting the arms from the pads, remove the facility flange

bolts, raise the HVFT, and replace Wi with a new inner weight.
Repeat steps 27 - 35 for all weights desired.

Remove all weights from the arm and replace centering sleeve.
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CHECKLI ST

VERTICAL OR VECTOR TARE TEST FOR

HVFT OR KFT LOADING ARMS

APPLIED TO

VERTICAL VECTOR

TARE TARE

TEST TEST

STEP

NO.

OPERATION (circle X's as completed)

X X 1

X X 2

X X 3

X 4a

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

6

8

9

i0

ii

12

13

13

14

15

16

17

17

18

19

20

4b

4b

5

Locked arm-stop inside pad No. 1.

Recorded weights of all components.

Arms assembled in test position_ lubricated _ cleaned.

Tray cleaned and set inside cleaned facility. HVFT
cleaned inside.

Bearing assembled on cleaned heat shield support.

Heat shield support placed in cleaned facility.

Measured bearing-to-flange height & recorded all
pertinent dimensions.

Cleaned O-ring on facility flange.

A .

Blankoff flanges and view-port cleaned and secured.

Cleaned copper gasket on loading arm to be tested.

Adaptor placed on end of loading arm.

Loading arm support secured to pad No. 1.

Arm flange secured without rotating bellows,

Force pickup cable connected.

Sanborn recorder turned on.

Arm assembly sketched.

Height of centered arm £ above support measured.

Force pickup set on arm ft.

Force pickup secured at 0 turn on.

Eye of pickup connector I to support at 5.625 inches
& secured.

Support sleeve removed & Sanborn set to chart O.

Nylon bearing etc. attached to arm support.

1-10 lb.weights recorded on Sanborn & bearing etc.
removed.
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CHECKLIST (Cont 'd)

APPLIED TO

VERTICAL VECTOR

TARE TARE

TEST TEST

STEP

NO.

OPERATION (circle X's as completed)

X X 21a

X 21a

X 21b

X X 22a

X 22a

X X 23

X X 24

X X 25

X X 26

X X 27 /

X X 28

X X 29

X X 30

X X 31

X X 32

X X

X

33

34

X X 35

X X 35

X X 36

X X 36

X X 37

HVFT raised and eye loosely on adaptor.

Weight tray & weights attached to centered arm.

Wire held in bearing groove & weights attached.

HVFT secured to facility by 4 bolts at 50 ftvlb.

Gap between HVFT & facility recorded.

Test pressure set.

Dial indicator set at 2.375 inches from gimbalS.

Arm sketch completed.

Rough balance point found & graph set up.

Apply balance wt. -10 oz._ -6 oz._ -2 oz.j +2 oz._

+6 oz._ & plot.

Log intersection weight.

Apply balance wt. -9 oz._ -5 oz._ -1 oz._ + 3oz._

+7 oz._ & plot.

Apply balance wt. -8 oz._ -4 oz._ -0 oz., +4 oz.,

+8 oz._ & plot.

Intersection weight spread does not exceed 0.5 oz.

Sanborn recorded with average intersection weight

(nearest 1/16 oz.).

Second test pressure set w/o moving HVFT or arms.

Steps 27 - 34 repeated.

HVFT raised & new Wi added.

Steps 27 - 35 repeated.

All weights removed from arm & centering sleeve

replaced.
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APP_D.L Y_

MOMENT EQUILIBRIUM CALCULATIONS
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APPENDIX B

MOMENT EQUILIBRIUM CALCULATIONS

Equilibrium Under Specimen Testing Conditions for Loading Arm No. 1 - The

weights W o and W i are the dead weights which were placed in the external and

internal trays_ respectively_ uncorrected for the weights of the trays or

associated equipment. The equations relating uncorrected values of W o and W i

may be derived from the data in Table BI and Figures B1 and B2:

High Vacuum Friction

Tester Arm No. i;

Vacuum Only; Uncorrected

High Vacuum Friction

Tester Arm No. 2;

Vacuum Only; Uncorrected

High Vacuum Friction

Tester ArmNo. 4;

Vacuum Only; Uncorrected

Wol = 0.87684 Wil - 0.61934

Wil = 1.14045 Wol + 0,70633

Wo2 = 0.86034 Wi2 + 0.56629

Wi2 = 1.16232 Wo2 - 0.65822

Wo4 = 0.88791 Wi4 + 1.77988

Wi4 = 1.12624 Wo4 - 2.00457

(1)

(2)

(3)

(4)

(5)(6)

The values calculated from the above relationships should be rounded off

The equilibrium equation for the calculation of Mto I of loading arm No. 1

follows (see Figure B3):

_Mss = 0 (about support shaft)

0.5 Wto 1 +0.5Fp +0.5(0.85) +0.5 (3.64) +0.5 Fss = 0.5 (4.11) +0.5 (2.30)

+0.5 (273.0) +0.5 Wol

Wto 1 = 274.92 - Fp - Fss + Wol (grams)

Wto 1 = 0.60608 - Fp - Fss + Wol (pounds)

Separate Fp and Fss when converting to moments_ where the line of action is

5.625 inches from the gimbal:

•_Mg (about gimbal) ._

Mto + Mp + Mss = - 5.625 Wto I

= - 5.625 (0.60608 -Fp -Fss + Wol)

= - 3.40920 + 5.625 Fp + 5.625 Fss - 5.625 Wol
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TABLE BI

UNCORRECTED MEASURED VALUES OF Wn (OUTER WEIGHTS) VERSUS Wi

(INNER WEIGHTS) FOR HIGH VACUUM FRICTION TESTER LOADING ARMS

Inner Weight, Wi,

Loading Arm
No. i

ibs _

Vacuum 0. 2575

0.05 Torr

0 psig O. 3219

15 pslg O. 3489

Outer Weight, Wo, lbs

2 3 5 8

2.0250 3. 8297 6. 2917

2.0156 3.8261 6.4615

2.1875 3.8125 6.5063

11 15

12.5333

12.6563

12.7094

Loading Arm Vacuum

No. 2 0.05 Tort

0 pslg

15 pslg

2.2711 4.8563 7.4844 10.1177 13.5323

2.2865 4.8833 7.4531

2.3115 7.4989

10.1112 13.5959

13.6198

Loading Arm
No. 4

Vacuum 3.4958 6.2219

0.05 Torr

0 psig 3.5557 6.1677

15 pslg 3.4500 6.1011

8.8913

8.8417

11.5469

11.4530
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l Loading Arm No. 1 2, W12 = 15 Ibs. l
m

v

Loading Arm No. 1, Wtl = 15 lbs.
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Loadlng Arm No. 2, WI2 = Ii Ibs.
T •

Loadlng_ Arm No. 4, W14 = 8 ibs.

Loadlng Arm No. 2, WI2 = 8 Ibs.

Loading Arm No. i, Wll = 8 ibs.

= Ibs.

Loading Arm No. 2, Wi2 _ 5 lbs.
w

Loading Arm No. 1, W11 = 5 ibs.

Loading Arm Nc_ 4, W14 = 2 lbs.
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Loading Arm No. 2, Wi2 = 2 Ibs.

Loading Arm No. i, Wll = 3 Ibs.
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Figure B2. Variation of Tare Weight with Pressure for High Vacuum Friction

Tester Loading Arms.
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Therefore:

Mto I = - 3.40920 - 5.625 Wol (8)

Mp = 5.625 Fp (9)

Mss = 5.625 Fss (I0)

The line of action of the external forces transmitted to the loading arm

by the thermocouples is 0.395 inch from the centerline of the gimbal. There-
fore:

Mft c = 0.395 Ftc. (11)

The measured length of the thermocouples from the gimbal wa_ 4.59 inches

and 4.49 inches; the 0.040-inch thermocouple wire weighed0.12 g/m. Therefore:

Wtc = 0.12 (4.59 + 4.49) = 1.0896g = 0.00222 lb.

and the distance to the c.g. is:

Xtc = 0.25 (4.59 + 4.49) = 2.270 inches.

Therefore:

Mwt c = 2.270 (0.00222) = 0.00504 in-lb. (12)

f
The weight of the stationary specimen and its stainless steel set screw

is estimated for the present, using TZM density of 0.369 lb/in3_ as 0.00565 lbs.

Its line of action is 4.880 inches from the gimbal. Therefore:

Ms = 4.880 (0.00565) = 0.02757 in-lb. (13)

and

Mcl = 4.880 C 1. (14)

The equilibrium equation under specimen testing conditions can now be

written (see Figure B4):

_Mg = 0 (about gimbal)

-3.40920 -5.625 Wol + 5.625 Fp + 5.625 Fss + Mao + O (15)

+ 0.395 Ftc + Mg = Mb + Mai + 0.00504 + 0 + 0,02757 - 4.880 C I
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Equilibrium Under Tare-Weight Testing Conditions for Loading Arm No. 1 -

Since the weights hand directly under the arm (see Figure B4), the moment Mto

of the outer tray and weights under tare-weight testing conditions is:

_Mg (about gimbal)

Mto = 5,625 (0,60670 + Wol)

Mto = 3.41269 + 5.625 Wol)
(16)

The force of the dial indicator is proportional to its deflection, but

measures 65 g = 0.14329 lb. at the usual balance point, and was located 2.375

inches from the gimbal. Therefore:

Md = (2.374) (0.14329) = 0.34031 in-lb. (17)

Since the line of action of the inner tray and weights of total weight

1.48677 lbs + Wil is 4.880 inches from the gimbal:

Mti = 4.880 (1.48677 + Wil)

Mti = 7.25544 + 4.880 Wil. (18)

The equilibrium equation (19) under tare-weight testing conditions may now

be substracted from the equilibrium equation (15) under specimen testing condi-

tions to give the following Equation for C 1. Equations 19 and 15 are given in

the supplement to Appendix B.

C1 = -0,01345 + 2.30532 Wol - 1,15266 Fss - Wil.

Substituting Equation (2) (vacuum, 0.05 torr),

-0.01345 + 2.30532 Wol v - 1.15266 Fss - 1.14045 Wol v - 0.70633 = Clv

Clv = 1,16487 Wol v - 0,71978 - 1,15266 Fss _s assumed; vacuum only)

and

Wol v = 0.85846 Clv + 0.61790 + 0.98951 F_s assumed; vacuum only).

Also, Fss is a function of Wol v and would require a separate test to

determine. Although this has not been done, it is estimated that Fss will be
of the order of a few grams, i.e., 5 grams (0.00903 lb.).

Check: when Clv =

Wol n =

5 ibs.,

0.85846 (5) + 0.61790 + 0.98951 (0.00903)

4.91914, or 4.92 lbs.
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If Fss were ignored:

Wol v = 4.91020 (4.91 Ibs_. The latter value for Wol v is 0.2% low and it

is thought that Fss actually will be less than 5 g; therefore_ it will be
considered negligible.

Therefore:

High Vacuum Friction Tester

Arm No. I; Vacuum Only; W s

Assumed; Fss Neglected

Clv = 1.16487 Wol v - 0.71978

Wol v = 0.85846 Clv + 0.61790

(20)

(21)

Equilibrium Conditions for Loading Arm No. 2 - Because of the fragile nature
of the sheathed thermocouples_ they were omitted for the remaining loading arms

and their moment was assumed to be the same as for loading arm No. 1 (see Equation
12). Also_ using the weights of the belts and outer tray applicable to loading

arm No. 2_ the equations under specimen testing conditions (22) (see Supplement

to Appendix B) and under tare-weight testing conditions (23) (see Supplement to
Appendix B) are derived in a similar manner as for loading arm No. 1 (see

Figures B5 and B6). From these equations_ the equation for C 2 is obtained:

C o = 0.02669 + 2.30532 W^o - 1.15266 F - 0.08094 F+_ - W o.

Substituting Equation (4) (vacuum conditions);

C2v = 0.02669 + 2.30532 Wo2 v - 1.15266 Fss - 0.08094 Ftc - 1.16232 Wo2 v

+ 0.65822

C2v = 1.14300 Wo2 v + 0.68491 - 1.15266 F - 0.080904 Fss tc

Wo2 v = 0.87489 C2v - 0.59922 + 1.00845 F - 0.07081 F .ss tc

Again it is estimated that 1.15266 F may be considered negligible and that
0.08094 Fj is even smaller_ provided theSSthermocouple lead wires are properly
supported_Cgiving:

High Vacuum Friction Tester

Arm No. 2; Vacuum Only; W s

Assumed; Fss and Ftc Neglected

C2v = 1.14300 Wo2 v + 0.68491

Wo2 v = 0.87489 C2v - 0.59922

(24)

(25)

Check: When C2v

Wo2 v

= 5 ibs._

= 0.87489 (5) - 0.59922

= 3.77523_ or 3.78 ibs.
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Equilibrium Conditions for Loading Arm No. 4 - Loading arm No. 4 differs

from loading arms No. 1 and No. 2 by the fact that it does not have a support

shaft to change the direction of action of the outer weights_ and in having

the direction of the compressive load between specimens reversed. Again_ loading

arm No. 4 was tare-tested without thermocouples. Using the weight of the outer

tray applicable to loading arm No. 4_ the equations under specimen testing

conditions (26) and under tare-weight testing conditions (27) (see Supplement to

Appendix B) were derived_ leading to the equation for C 4 (see Figure BT):

C 4 = 1.41035 + 0.08094 Ftc + Wi4.

Substituting Equation (6) (vacuum only):

C4v = 1.41035 + 0.08094 Ftc + 1.12624 Wo4 v - 2.00457

C4v = 1.12624 Wo4 v - 0.59422 + 0.08094 Ftc

Wo4 v = 0.88791 C 4 ± 0.52761 + 0.07186 Ftc.

Agaln_ it is estimated that 0.08094 Ftc will be negllgible_ giving:

i

High Vacuum Friction Tester

Arm No. 4; Vacuum Only; W
s

Assumed; Ftc Neglected

Check:

C4v = 1.12624 Wo4 v - 0.59422

Wo4v

When C4v =

W =
o4v

0.88791C4v + 0.52761

5 Ibs.,

0.88791 (5) + 0.52761

4.96716_ or 4.97 lbs.

(28)

(29)
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APPENDIX C

SAMPLE CALCULATIONS OF INNER AND OUTER TOTAL KNOW MOMENT SUMMATIONS
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I.

II.

APPENDIX C

SAMPLE CALCUIATION OF INNER AND OUTER TOTAL KNOWN MOMENT SUMMATIONS

Vertical Loading

Given: a) The outer balance weight Wol and the tray and hanger weights

of 0.65288 pound act at 5.625 inches out from the gimbal.

b) The dial indicator force of 0.14329 pound acts at 2.375 inches

out from the gimbal.

c) The inner dial weight Wil and the tray and hanger weights of

1.48677 pound act at 4,880 inches in from the gimbal.

Therefore:

5.625 (Wol + 0.65288) + 2.375 (0.14329) = 4.880 (Wil + 1.48677)

5.625 Wol + 3.67245 + 0.34031 = 4.880 Wil + 7.25544

5.625 Wol = 4.880 Wil + 3.24268

I Wnl = 0.86755 Wi] + 0.57647 I

I !

(i)

Equation 1 is the equation of the expected balance points_ if the

bellows and other miscellaneous frictional forces are zero. Any deviation

from the above relationship would represent the effects of the bellows and

frictional moments.

Vector Loading (Vertical Plane)

Given: a) The outer balance weight VWol and the tray and hanger weights

of 0.60670 pound act at 5.625 inches out from the gimbal.

b) The dial indicator force of 0.14329 pound act at 2.375 inches

out from the gimbal.

c) The vertical vector of the inner dead weight (W 1 = 0.68582 VWil)

and the vertical component of the hanger weights of 0.01735

pound act at 4.880 inches from the gimbal.
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III.

Therefore:

5.625 (VWol + 0.60670) + 2,375 (0.14329) = 4.880 (0.68582 VWil +
0.01735)

5.625 VWol + 3.41269 + 0.34031 = 3.34680 VWil + 0.08467

5.625 VWol = 3.34680 VWil - 3.66833

I VWol = 0.59498 - 0,65214VWil (2)

Equation 2 is the equation of the expected blanace points_ if the

bellows and other miscellaneous frictional forces were zero.

Vector Loading (Horizontal Plane)

Given: a) The force pickup force Ffp I acts at 5.625 inches out from the
gimbal.

b) The horizontal vector of the inner dead weight (HV 1 = 0.72777
VWI1) and the horizontal component hanger weights 0.00990 pound
act at 4.880 inches in from the gimbal.

Therefore:

5.625 Ffp I = 4.880 (0.72777 VWil + 0.00990)

Ffp I = 0.86755 (0.72777 VWil + 0.00990)

Ffp 1 = 0.63138 VW. + 0.0085911
(3)

Equation 3 is the equation of the expected balance points, if the

bellows and other miscellaneous frictional forces were zero.
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APPENDIX D

CAI_IILATION OF HORIZONTAL AND VERTICAL COMPONENTS OF

THE VECTOR TARE TEST INNER WEIGHT VW i
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APPENDIX D

CALCULATION OF t_3RIZONTAL AND VERTICAL COMPONENTS OF

THE VECTOR TARE TEST INNER WEIGHT VWi

(Refer to Figure 14 "Assembly for Vector Tare Test"

port).

Vertical Leg V of Vector Triangle:

V = 8.923 + 0.155 - 0.250 - (7,040 - 0.583) -

V = 2.371 - 0.583 cos @

Horizontal Leg H of Vector Triangle:

H = 2.374 - 0.125 - 0.583 + 0.583 sin @

H = 1.666 + 0.583 sin 0

Tan@= V = 2. 371 - 0.583 cos •
H 1.666 + 0.583 sin @

on page 35 of this re-

0.583 cos @

By Successive Iterations:

Then:

O. 68582

0.72777

@ = 43.30 °

cos @ = 0.72777

sin @ = 0.68582

tan @ = 0.94235

VV _

0.68582 VWi
(representing

compressive

force)

HIT = 0.72777 VW i

(representing friction

force)
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